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Summary 
The enormous diversity of sex determination mechanisms is a long-
standing mystery. The fish Japanese medaka (Oryzias latipes) offers an 
excellent model to study sex development. This fish has the XX-XY sex 
determination system, where the Y-chromosomal dmy (also known as 
dmrt1Y or dmrt1bY) acts as a male sex determining gene and triggers 
testicular differentiation in the developing gonad. The fact that testicular 
differentiation could occur in the absence of dmy points to the necessity of 
identifying downstream genes essential for male development, especially 
since those could initiate testicular differentiation. 
Recently, a fish-specific gene called gonadal soma derived factor 
(gsdf) showing conserved expression in gonadal somatic cells was 
described from several distantly related teleosts. To examine its role in 
medaka sexual development, a zinc finger nuclease (ZFN) pair specifically 
targeting gsdf of Japanese medaka was designed and constructed. 
Procedures and parameters for microinjection of ZFN mRNA into 1-cell 
embryos were established, as this was the first case reported to introduce 
ZFNs into medaka embryos for genome editing.  
One mutant family was obtained and phenotypically analyzed. 
Although XX or XY fish heterozygous for the null gsdf allele developed to 
either female or male adults according to the genetic sex, all XX and XY 
adults homozygous for the null gsdf allele developed – without any 
  XIII 
exception – a clear female phenotype. This demonstrated a 100% 
feminization rate in XY adults after gsdf disruption, which were further 
validated by phenotype analysis, gonadal histology, gene expression 
profile and/or most convincingly, egg production. Therefore gsdf is an 
essential factor for testicular differentiation. 
Interestingly, feminization upon gsdf disruption was not a 
consequence of sex reversal but rather resulted from early ovarian, 
instead of testicular differentiation during embryonic development, 
revealing that gsdf is necessary for the initiation of testicular differentiation. 
Moreover, Dmy bound to the gsdf promoter in vivo and its overexpression 
could up-regulate gsdf expression in the cell culture. These results 
together established autosomal gsdf as a male sex initiator acting directly 
downstream of dmy in Japanese medaka. 
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Chapter I: Introduction 
1.1 Sexual reproduction in vertebrates 
Sexual reproduction is the primary reproduction method for amost all 
eukaryotes (Otto & Lenormand, 2002). It involves the fusion of male and 
female gametes to create a zygote in the fertilization process. Sexual and 
germline development form the basis of sexual reproduction. 
1.1.1 Sexual development 
Sexual development mainly consists of several major processes, which 
are sex determination, sex initiation, sex differentiation and sex 
maintenance. 
1.1.1.1 Sex determination 
In most vertebrates, the decision of the bi-potential gonad to develop as a 
testis or an ovary is called primary sex determination. Across vertebrate 
organisms, sex determination is controlled by a wide variety of 
mechanisms on the basis of either genotype or environmental factors 
(Ospina-Alvarez & Piferrer, 2008). Traditional views involve a strict division 
between species that apply genetic mechanisms and those employing 
environmental mechanisms. However, the accumulation of empirical 
observations suggests the blurred edges between these two mechanisms 
and that populations may shift in one direction or the other in response to 
mutations or changing ecological conditions (Barske & Capel, 2008). Even 
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in the animals with stringent genetic sex-determining system, the 
molecular processes underlying sex determination and differentiation are 
still diverse (Capel, 2000; J. Volff, Nanda, Schmid, & Schartl, 2007).   
 The primary research focus of understanding sex development is 
the identification of master sex-determining genes. The primary role of a 
sex determining gene is to determine the initial sex by triggering the 
testicular or ovarian differentiation of a sexually bi-potential gonad at a 
critical stage of development. In invertebrates, sxl (sex lethal) of 
Drosophila melanogaster (Bell, Maine, Schedl, & Cline, 1988), xol-1 (XO-
lethal 1) of Caenorhabditis elegans (L. M. Miller, Plenefisch, Casson, & 
Meyer, 1988) and most recently nix of the mosquito Aedes aegypti (Hall et 
al., 2015) were identified.  
In vertebrates, the earliest identified sex determining gene is 
mammalian sry (sex-determining region Y), which is located on the Y 
chromosome and has proven to be necessary and sufficient to initiate 
testicular development (Gubbay et al., 1990; Koopman, Gubbay, Vivian, 
Goodfellow, & Lovell-Badge, 1991; Sinclair et al., 1990). XY mice lacking 
Sry developed ovaries and followed female sexual development pathways 
(Gubbay et al., 1992; Lovell-Badge & Robertson, 1990). However, the sry 
gene is not found in any other classes with genetic sex-determining 
systems, indicating that sry-related mechanisms show no clear 
evolutionary conservation between phyla and the sex-determining system 
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in other animals has arisen independently. In the next decade after sry 
identification, no comparable genes were found in non-mammalian 
vertebrates. Until 2002, a deletion analysis on the Y chromosome in the 
fish Japanese medaka revealed the second identified vertebrate sex 
determining gene, dmy (Matsuda et al., 2002), dmrt1Y (Nanda et al., 
2002) or dmrt1bY (Kondo, Nanda, Hornung, Schmid, & Schartl, 2004).  
To date, in addition to sry and dmy, an additional dozen sex 
determining factors were described from vertebrates, including dmrt1 in 
chicken (Smith et al., 2009), dm-w in Xenopus (Yoshimoto et al., 2008) 
and 5 fish sex determining genes, amhy in the Patagonian pejerrey (R. S. 
Hattori et al., 2012), gsdfY in Oryzias luzonensis (T. Myosho et al., 2012), 
amhr2 in fugu (Kamiya et al., 2012), sdY in rainbow trout (Yano et al., 
2012) and sox3Y in Oryzias dancena (Takehana et al., 2014) (Fig. 1-1). 
These sex determining genes encode a wide variety of master regulators, 
ranging from transcription factors (Sry, Dmrt1, Dm-w, Dmy and Sox3), 
RNA binding proteins (Sxl and Nix) to signaling molecules such as protein 
kinase (Xol-1), members of the transforming growth factor-β (TGF-β) 
superfamily (Amhy, Amhr2 and Gsdf) and interferon regulatory factor 9 
(SdY). The tremendous diversity and complexity of sex determining genes 
represent major challenges to our understanding of conserved 
mechanisms underlying sex development and evolution of sex-related 
genes. 
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Fig. 1-1. Identified sex-determining genes in vertebrates (Kikuchi & 
Hamaguchi, 2013). Phylogenetic relationship among tetrapods and 
teleost fishes with sex determining genes identified until 2013. 
 
1.1.1.2 Sex initiation, differentiation and maintenance 
The subsequent sexual development can be further specified into 
sex differentiation and sex maintenance. From developmental genetics 
standpoint of view, the inheritance and the onset of expression of the sex 
determining gene demarcates sex determination, whereas the onset of 
gonadal differentiation towards a testis or an ovary delineates sex 
differentiation (Fig. 1-2). However, the mechanism by which sex 
determining genes are able to affect the sex differentiation processes 
remains merely understood. Here we use the term sex initiation to refer to 
the phase between sex determination and sex differentiation, where 
important genes, other than the master sex determining genes, must be 
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switched on to initiate sex differentiation. These genes are called sex 
initiators (Fig. 1-2). However, boundaries among those stages are blurred 
and varied with different species. 
In best studied model organisms, sex determining genes act at the 
top of hierarchical cascades to control the initiation of sex differentiation, 
and these cascades may operate in different ways (Wilkins, 1995). For 
example, mammalian sry (Sinclair et al., 1990) initiates testicular 
differentiation of a bi-potential gonad through activation of its direct target 
gene sox9 by binding to multiple elements within sox9 gonad-specific 
enhancer with steroidogenic factor 1 (SF1) (DiNapoli & Capel, 2008; 
Sekido & Lovell-Badge, 2008) (Fig. 1-2A). Meanwhile, sox9 inactivation 
has caused complete male-to-female sex reversal (Barrionuevo et al., 
2006; Chaboissier et al., 2004). Therefore, a subset of genes besides the 
sex determining gene is essential for proper sex differentiation and 
subsequent development in diverse organisms.  
In fish like Japanese medaka, the inheritance and onset of the 
expression of the master sex determining gene demarcate sex 
determination (Fig. 1-2B). However, the initiation of testicular 
differentiation does not start until six days post fertilization (dpf), when 
autosomal gene expression starts to diverge in genital ridges of both 
sexes (Fig. 1-2B). Some of these genes may be essential for the initiation 
of sex differentiation, which are known as sex initiators. After the 
  6 
appearance of first sexual dimorphism, somatic gonadal precursors start 
to differentiate to gonadal somatic cells of both sexes, and the gonadal 
primordium undergoes morphogenesis to form mature testis or ovary. Sex 
maintenance involves further development and maintenance of gonad 
morphology as well as the secondary sex characteristics in adulthood (Fig. 
1-2B).  
 
Fig. 1-2. Major events in the sexual development. (A) Mouse model. 
(B) Japanese medaka model. Sexual development mainly consists of 
three major stages, i.e. sex determination, sex differentiation and sex 
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1.1.1.3 Fish – excellent model for studying sexual reproduction 
Lower vertebrates, especially fish offer an excellent opportunity to study 
the origin and evolution of sexual reproduction mechanisms. Fish show 
various sexual reproductive strategies, ranging from gonochorists to 
hermaphrodites (Kikuchi & Hamaguchi, 2013; Kobayashi et al., 2004). 
Gonochorists are organisms of at least two distinct sexes, with just one 
sex in one individual, whereas hermaphrodites refer to organisms with 
reproductive organs associated with both sexes and are further classified 
to simultanenous hermaphrodites and sequential hermaphrodites 
(including protandry, protogyny and serial sex changers). 
Unlike mammals and birds, where sex determination systems are 
usually universal within taxonomic classes, teleost fishes, representing 
nearly half of all extant vertebrates show an enormous plasticity and 
diversity of sex determination (Devlin & Nagahama, 2002), including 
genetic and environmental factors (Nelson, 2006). For example, the sex 
change in hermaphrodites can be initiated by age, social factors or 
temperature; meanwhile in several gonochoristic species with genetic sex-
determining system, environmental factors can still influence the sex 
phenotype (Schartl, 2004b). Described sex-determining mechanisms in 
fish are as listed (Table 1-1). Although several sex determining genes or 
strong candidates have been identified in teleost fish, molecular 
mechanisms underlying fish sex determination have remained a mystery. 
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Table 1-1. Sex-determining mechanisms in fish (based on (Heule, 
Salzburger, & Böhne, 2014))1. 
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(Mestriner et al., 
2000) 
 
1Environmental and genetic systems form the basis of fish sex 
determination. Each system can be divided into several subsystems. 
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1.1.2 Germline development 
Apart from sexual differentiation, another foundation of sexual 
reproduction is germline development. Germline development is a 
complex and coordinated process that allows germ stem cell to renew, to 
proliferate, and ultimately to differentiate in highly specialized haploid cells 
called gametes, namely sperm or eggs (Fig. 1-3) (Described in (Gautier, 
Le Gac, & Lareyre, 2011)).  
 
 
Fig. 1-3. Schematic diagram showing the different stages of germ 
cell differentiation (adapted from (Clark et al., 2004)). 
 
1.1.2.1 Specification and migration of germ cells 
Firstly, primordial germ cells (PGCs) are specified during embryonic 
development using various mechanisms. Typically, two models were 
mainly described. In organisms like C. elegans (Seydoux & Strome, 1999), 
D. melanogaster (C Rongo et al., 1997), zebrafish (Hashimoto et al., 2004) 
and Japanese medaka (Herpin, Rohr, et al., 2007), some cells contain a 
specialized maternally-supplied determinants, namely germ plasm. These 
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cells are further segregated from other cells as the germ plasm is 
asymmetrically distributed during cell division. On the other hand, in 
urodele amphibians and mammals, PGC specification requires cell-to-cell 
inductive signaling instead of preformed germ plasm (reviewed in 
(Richardson & Lehmann, 2010)). For example, germ cell induction is 
mediated by secreted factors of the bone morphogenetic protein (BMP) 
family and some unidentified signals during gastrulation in mouse embryos 
(reviewed in (Saga, 2008)).  
Later in development, specified PGCs migrate across the embryos 
to reach somatic gonadal precursors (SGPs), where they carry out their 
function and differentiate into mature sperm and eggs that reside in the 
adult testis or ovary (reviewed in (Richardson & Lehmann, 2010)).  
1.1.2.2 Gametogenesis 
Once arriving the primordium, PGCs will differentiate to oogonia in the 
forming ovary and spermatogonia in the forming testis. Subsequently they 
will undergo meiosis from diploid germ cells into either haploid eggs or 
sperm, namely oogenesis and spermatogenesis respectively.  
Notably, two types of germ cell proliferation were specified and 
histologically distinguishable in Japanese medaka (Fig. 1-4). Type I germ 
cells are single isolated germ cells surrounded by somatic supporting cells 
and intermittently proliferate in a linear fashion, whereas type II  germ cells 
usually form germ cell clusters (germline cysts) and divide successively 
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and exponentially (reviewed in (Tanaka, Saito, Morinaga, & Kurokawa, 
2008)). The type I division is involved in the maintenance of germ cells 
including germline stem cells, whereas the type II division is usually 
followed by meiosis and gametogenesis (reviewed in (Tanaka et al., 
2008)). 
 
Fig. 1-4. Two types of germ cell division. Schematic view of type I and 
type II division of germ cells. The mitotic states are described as active 
and quiescent. 
1.1.2.3 Specification of gonadal somatic cells 
The specification of SGPs initiates at embryonic stages in multiple 
organisms. For example, in D. melanogaster, the SGPs are derived from 
the dorsolateral mesoderm in parasegments 10-12 (Brookman, Toosy, 
Shashidhara, & White, 1992). Later these SGPs are further differentiated 
to sex-specific somatic gonadal cells, like Sertoli cells and Leydig cells in 
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male Japanese medaka, as well as granulosa cells and theca cells in 




Fig. 1-5. Sexual differentiation of two major gonadal somatic cells, 
stromal cells and supporting cells. In Japanese medaka, the gonadal 
primordium forms at around four days post fertilization, whereas the 
gonadal somatic cells undergo differentiation at around the day of 
hatching. dpf, days post fertilization. 
 
1.1.2.4 Crosstalk between germ cells and gonadal somatic cells 
Germ cells cannot achieve maturity on their own, but rather require a 
group of supporting somatic cells. Studies in model organisms have 
revealed the critical role of cell-cell interplay between the soma and the 
germ-line during gonadal morphogenesis and gametogenesis (reviewed in 
(Jemc, 2011)). For example, master sex determining genes like sry, 
initiate testicular differentiation by directing the development of supporting 
cell precursors as Sertoli rather than granulosa cells (Albrecht & Eicher, 
2001), which further guide the germ cells to differentiate into sperms rather 
4"dph"4"dpf"
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than oocytes. Besides influencing the fate of germ cells, somatic cells can 
also boost or inhibit germ cell proliferation with secreted factors or direct 
cell-cell adhesion. For instance, the TGF-β family members, like amh, 
amhr and gsdf expressed in gonadal somatic cells were reported to affect 
germ cell proliferation. Amhr2-deficient Japanese medaka showed over-
proliferation of germ cells (Morinaga et al., 2007), whereas amh and gsdf 
were positive regulators of germ cell proliferation in Japanese medaka 
(Shiraishi et al., 2008) and rainbow trout (Sawatari, Shikina, Takeuchi, & 
Yoshizaki, 2007) respectively (Kikuchi & Hamaguchi, 2013). 
 On the other hand, germ cells are also capable of mediating signals 
for sex differentiation. For example, female to male sex reversal was 
reported in germ cell-depleted Japanese medaka, suggesting the 
importance of germ cells in mediating sexual dimorphism (Kurokawa et al., 
2007). More recently, a germ cell specific gene, foxl3 (forkhead box L3) 
was reported to influence the fate of germ cells in Japanese medaka 
(Nishimura et al., 2015). Specifically, foxl3 disruption produced functional 
sperms in histologically ovarian environment and the transplanted foxl3-
mutated cells were capable of initiating spermatogenesis in a wildtype 
ovary, suggesting a germ cell intrinsic cue for the sperm-egg fate decision 
(Nishimura et al., 2015). 
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1.2 Japanese medaka as a lower vertebrate model organism 
1.2.1 General introduction 
Oryzias latipes, known as Japanese rice fish or Japanese medaka, is a 
small freshwater fish native to East Asia. It is commonly found in rice 
paddies, marshes, ponds and other slow-moving streams. Japanese 
medaka can tolerate a broad temperature range (6 ~ 40 °C) (Wittbrodt, 
Shima, & Schartl, 2002) and is easy to rear in the laboratory, making it a 
good lower-vertebrate model organism mainly for toxicology and 
developmental study. It has a short generation time of seven weeks. 
Sexually mature adults are capable of producing eggs every day all the 
year round and controllable by artificial light cycle. The fertilized eggs are 
perfect receptors for exogenous DNA and cell transfer as they are 
transparent and large enough to manipulate. 
 Japanese medaka is diploid with 48 chromosomes. Its genome has 
been sequenced with estimated size of around 800 Mb, which is relatively 
smaller compared to other popular fish model like zebrafish. Several 
Japanese medaka cell lines have been established, including diploid and 
haploid embryonic stem cell lines, as well as spermatogonial cell line 
(Hong et al., 2004; Hong, Winkler, & Schartl, 1996; Yi, Hong, & Hong, 
2009). As a vertebrate model, Japanese medaka also has many inbred 
lines or mutants (http://www.shigen.nig.ac.jp/Japanese medaka/). The 
wildtype Japanese medaka strain mainly used in this research is Hd-rR, 
  16 
which belongs to the southern Japanese population. The body color is 
white in females and orange-red in males. 
1.2.2 Embryonic development 
Japanese medaka embryos usually take ten days to hatch out at 26 ℃. 
The mature unfertilized egg produced by female adults is an opaque, soft 
spheroid, which is on average 1.25 mm in horizontal diameter and 1.17 
mm in vertical diameter. The egg can be fertilized under the stimulation of 
a spermatozoon. The embryonic development is classified as the following 
stages: Zygote: 0 – 1h; Cleavage (2 - 32 cells): 1h5min - 3h30min; Morula 
(64 - 512 cells): 4h5min - 5h15min; Blastula (1000 cells - blastoderm 
covers 3/4 of the yolk sphere): 6h30min - 8h15min; Gastrula: 10h20min - 
21h; Neurula (head and optic bud formation): 1day1h - 1day2h; 
Segmentation (somite formation): 1day3h - 4day5h; Pharyngula: 4 - 8 
days; Hatching: 9 - 10 days (Iwamatsu, 2004; Kinoshita, Murata, Naruse, 
& Tanaka, 2009). Detailed developmental stages are shown in Appendix 
1. 
1.2.3 Sexual dimorphism 
The sex determination system of Japanese medaka is male heterogamety, 
i.e. male is heterogametic and has XY chromosomes, whereas the 
homogametic female has XX chromosomes (T.-O. Yamamoto, 1955). 
Sequencing analysis has revealed an extra 258-kb sequence on Y 
chromosome compared to the X chromosome (Kondo et al., 2006).  
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In Japanese medaka, the first sexual dimorphism is detectable at 
around Stage 39 before hatching, when the germ cell number in males is 
one half up to two third of females (Fig. 1-6A and Fig. 1-6B) (Satoh & 
Egami, 1972). Subsequently, germ cells enter mitotic arrest in XY fry, 
whereas they go into meiotic arrest in XX fry (Kobayashi et al., 2004). 
Later when grown into sexually mature adults (around 20-mm long), the 
secondary sex characteristics of males and females become more 
apparent and easily distinguishable. Sexual differences in the dorsal fin, 
anal fin and urogenital papillae are as described (T. Yamamoto, 1975; T.-
o. Yamamoto, 1962; T. O. Yamamoto, 1958). In the male, the dorsal fin is 
longer with saw-toothed distal edges, and more obviously, a cleft is 
existed in the dorsal fin, leaving the hindmost rays separated from others 
(Fig. 1-6C). However, in the female dorsal fin, all rays are closely linked 
together (Fig. 1-6D). The anal fin of the female is smaller and right-angled 
triangular shaped, which is narrowed at posterior edge ends (Fig. 1-6D), 
whereas in the male, the anal fin is larger, parallelogram-shaped and has 
small papillar processes (Fig. 1-6C) (Described in (Kinoshita et al., 2009)). 
Besides the differences in fin morphology, the urogenital papillae is well 
developed and slightly larger in females. 
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Fig. 1-6. Sexual dimorphism in Japanese medaka. (A-B) Green 
fluorescence-labeled germ cells in the primordial gonad at hatching stage 
(stage 39) of olvasa-gfp (Vg) transgenic Japanese medaka.  (Adapted 
from (Herpin, Schindler, et al., 2007)). The germ cell number in males is 
one half up to two third of females. Scale bar, 7.5 μm. (C-D) Phenotype of 
wildtype adult fish. WT XY fish has parallelogram-shaped anal fin. In the 
dorsal fin, the hind-most rays are separated from other rays (C). WT XX 
fish has triangular-shaped anal fin. In the dorsal fin (framed), all rays are 
closely linked (D). af, anal fin; df, dorsal fin; WT, wildtype. Scale bar, 0.5 
cm. 
 
1.2.4 Master sex-determining gene in Japanese medaka 
1.2.4.1 Identification of dmy 
The master sex-determining gene, dmy (Matsuda et al., 2002), dmrt1Y 
(Nanda et al., 2002) or dmrt1bY (Kondo et al., 2004), resides exclusively 
on the Y chromosome and is the first master sex-determining gene 
identified after the discovery of mammalian sry (Fig. 1-1) (Matsuda et al., 
2002; Nanda et al., 2002). Dmy is the abbreviation form of doublesex and 
mab-3 (DM) domain - related gene on the Y chromosome. This gene is a 
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duplicated copy of dmrt1 and located in the Y-chromosome-specific region 
as previously described. In the ancestor of Japanese medaka, the 
duplicated fragment containing dmrt1 was inserted into another 
chromosome, and this chromosome became Y, while its homologous 
chromosome became the X (Kondo et al., 2004; Nanda et al., 2002). In 
the following text, dmy will be used to refer to this gene. In the meantime, 
the autosomal dmrt1 still exists in chromosome 9. 
1.2.4.2 Expression pattern of dmy 
The dmy gene encodes a DM-domain related transcription factor of 267 
amino acids. The expression of dmy starts from the mid-blastula transition 
period in Japanese medaka embryos, which coincides with the initiation of 
zygotic expression (Hornung, Herpin, & Schartl, 2006). The dmy mRNA is 
then localized to germ cells before the formation of the gonadal 
primordium (Nishimura et al., 2014). Later, dmy is expressed in the 
somatic cells of the primordium at stage-36 embryos (Kobayashi et al., 
2004), which is a critical sex-determining period as it precedes the 
emergence of the first sexual dimorphism, i.e. the varied PGC abundance 
between males and females. However, dmy expression level decreases 
dramatically in adult testes, possibly due to the direct inhibition by its 
autosomal counterpart dmrt1 (Herpin et al., 2013; Hornung et al., 2006). 
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1.2.4.3 Transcriptional regulation of dmy 
Both Dmrt1 and Dmy are transcription factors and can directly bind to a 
specific 5’-flanking region of dmy in vivo (Herpin et al., 2010). In vitro 
reporter assays have further revealed that this binding leads to a down-
regulation of dmy expression, indicating dmy acquires a feedback 
inhibition on its own and is also cross-regulated by the autosomal dmrt1 
(Fig. 1-7) (Herpin et al., 2010). 
 
Fig. 1-7.  Transcriptional regulation between dmy and dmrt1 (adapted 
from (Herpin et al., 2010)). During early gonadal development, only dmy 
is expressed to function as the sex determining gene. In adulthood, both 
dmy and dmrt1 are expressed in the somatic cells of testes. However, 
dmrt1 is expressed predominantly since dmy expression is auto-repressed 
by its own and also cross-regulated by its autosomal paralog dmrt1.  
 
1.2.4.4 Function of dmy 
In Japanese medaka, dmy is the master sex determining gene, which is 
evidenced by following findings. Firstly, it was identified on the male-
specific region of the Y chromosome (Kondo et al., 2006). Secondly, dmy 
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is both necessary and sufficient for testicular development as its mutation 
leads to the feminization of males (Matsuda et al., 2002) and its ectopic 
expression results in the masculinization of XX females. This complete 
masculinization of XX females caused by dmy overexpression further 
suggests the functional difference between the X and Y chromosome is a 
single gene dmy (Matsuda et al., 2007). Thirdly, it is expressed early at a 
critical embryonic development period, where the initiation of sexual 
differentiation takes place. However, detailed mechanisms showing how 
Dmy initiates testicular differentiation remain to be discovered. As Dmy is 
a transcription factor, its primary role of triggering testicular differentiation 
should be executed by one or a group of factor(s), namely sex initiators, 
under the direct regulation of Dmy. 
Apart from initiation of testicular development, dmy is able to 
maintain testicular differentiation by activating its autosomal paralog dmrt1 
(Herpin et al., 2010; Masuyama et al., 2012). Moreover, dmy also affects 
PGC proliferation in the developing embryos as its transient inhibition 
leads to an increase in PGC numbers upon hatching (Herpin, Schindler, et 
al., 2007).  
1.2.4.5 Potential downstream targets of dmy 
Since dmy is a DM-domain related transcription factor, searching for the 
potential downstream targets is essential for elucidating its function as the 
master sex determining gene. Previously Dmy-GFP, also known as 
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dmrt1bY-GFP transgenic Japanese medaka line was generated (Hornung, 
Herpin, & Schartl, 2007). This fish line expresses Dmy-GFP fusion protein 
under the regulation of the 9-kb dmy promoter. Testes from these 
transgenic fish were used for in vivo chromatin immunoprecipitation (ChIP) 
with the antibody against GFP to precipitate the binding DNA of dmy. 
Based on the immunoprecipitated DNA, several Dmy targets have been 
identified. Dmy directly binds to the promoters of both dmrt1 and dmy 
(Herpin et al., 2010). More recently, dmy was found to interact directly with 
negative regulators of Wnt/Rspo1/Fst and Hedgehog pathways, and can 
bind to the promoters of dkk1 and hhip thereby upregulating their 
expression (Herpin et al., 2013). More downstream targets are ready to be 
discovered.  
1.2.4.6 dmy is a natural inducer for normal testicular differentiation 
Of more than 20 species in the genus Oryzias, dmy is present only in O. 
latipes and O. curvinotus (Matsuda et al., 2003; J.-N. Volff, Kondo, & 
Schartl, 2003). Even in Japanese medaka, XY embryos can develop into 
females after estrogen treatment while maintaining dmy expression 
(Nanda et al., 2002), and spontaneous XX sex reversal was observed both 
in nature and under laboratory conditions (Nanda, Hornung, Kondo, 
Schmid, & Schartl, 2003; Shinomiya, Otake, Togashi, Hamaguchi, & 
Sakaizumi, 2004). In certain strains, the spontaneous masculinization rate 
can be as high as over 10% (Nanda et al., 2003). Moreover, high-
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temperature or hormone treatment is also capable of inducing XX sex-
reversal (Sato, Endo, Yamahira, Hamaguchi, & Sakaizumi, 2005; Selim, 
Shinomiya, Otake, Hamaguchi, & Sakaizumi, 2009; Wittbrodt et al., 2002). 
These observations suggest that a gonad lacking Dmy is still able to 
differentiate into testis and are consistent with a notion that dmy is not 
directly responsible for maleness, which rather depends on an unknown 
autosomal gene(s) (Masuyama et al., 2012). Therefore, dmy serves as a 
natural inducer and identifying downstream essential genes for testicular 
differentiation would be of great significance (J.-N. Volff et al., 2003). 
1.2.5 Identified germ cell markers in Japanese medaka 
1.2.5.1 vasa 
The first germ cell specific gene identified in Japanese medaka is vasa 
(Shinomiya, Tanaka, Kobayashi, Nagahama, & Hamaguchi, 2000). It was 
initially found in Drosophila as a maternal gene required for pole cell 
formation (Christopher Rongo & Lehmann, 1996) and has been identified 
in Xenopus (Komiya, Itoh, Ikenishi, & Furusawa, 1994), mice (Fujiwara et 
al., 1994), rats (Komiya & Tanigawa, 1995) and zebrafish (Olsen, Aasland, 
& Fjose, 1997). It encodes adenosine triphosphate-dependent RNA 
helicases, which belongs to the DEAD-box family protein specifically 
expressed in the germline. In Japanese medaka, Vasa is highly conserved 
with its homologs in other species and its expression is exclusively 
restricted in the germ cells, including PGCs, spermatogenetic and 
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oogenetic germ cells (Shinomiya et al., 2000; Yuan, Li, & Hong, 2014). 
Immunofluorescence observation revealed Vasa was mostly abundant in 
mitotic germ cells and less in meiotic germ cells (Yuan et al., 2014). 
Further high-resolution detection by immuno-electron microscopy 
identified Vasa protein in the germ plasm, a unique membrane-less 
organelle exclusively in the germ cells of diverse animal species, and it 
dynamically reorganizes to various structures throughout different stages 
of germ cell development (Yuan et al., 2014). Knockdown of vasa led to 
the PGC migration defect in Japanese medaka, indicating vasa is 
essential for PGC migration instead of PGC proliferation or survival (Li et 
al., 2009). More recently, a 35-bp enhancer located in the first exon of 
vasa was characterized as an exonic germline enhancer and was capable 
of driving reporter expression in germ cells of developing embryos (Li, 
Zhao, Wei, Zhang, & Hong, 2015). 
1.2.5.2 nanos 
nanos is essential for germ cell development. Three nanos homologs have 
been identified and extensively studied in mouse. Briefly, nanos1 is 
maternally derived and its disruption did not affect germ cell development 
(Haraguchi et al., 2003). nanos2 is predominantly expressed in the male 
germ cells and its knockout has led to the complete depletion of 
spermatogonia (Tsuda et al., 2003). nanos3 was observed in the migrating 
  25 
PGCs and elimination of which has led to the complete loss of germ cells 
in both sexes (Tsuda et al., 2003).  
In Japanese medaka, nanos1 is duplicated into nanos1a and 
nanos1b. nanos1a is expressed in the somatic cells surrounding the 
spermatocytes and oocytes, whereas nanos1b transcripts are not 
detectable in the gonads (Aoki, Nakamura, Ishikawa, & Tanaka, 2009). 
nanos2 is expressed in the spermatogonia and oogonia of adult gonads 
rather than early embryonic gonads (Aoki et al., 2009). Among all the 
Japanese medaka nanos homologs, nanos3 is the most well conserved 
gene and its expression pattern is similar to that observed in mouse (Aoki 
et al., 2009). nanos3 expression commences at early gastrulation, but 
diminishes at stage 29-30, when the PGCs reach the gonadal somatic 
cells, and resumes exclusively in oocytes at ten dph (Aoki et al., 2008). 
Importantly, the 3’ untranslated region (UTR) of nanos3 can specifically 
sequester RNA in the germline (Kurokawa et al., 2006). 
1.2.5.3 DAZ gene family 
The DAZ (Deleted in Azoospermia) gene family genes, like boule, daz, 
and dazl (daz like), encode RNA binding proteins crucial for the regulation 
of gametogenesis in diverse animals including human (H. Xu, Li, Li, Wang, 
& Hong, 2009). In Japanese medaka, dazl and boule are both maternally 
supplied and segregate along with the PGCs. In adult gonads, they are 
both expressed in the pre-meiotic and meiotic stages of germ cells while 
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showing differential expression pattern. Specifically, dazl is predominantly 
expressed in the spermatogonia whereas boule is mostly expressed in the 
spermatocytes. Moreover, in early-stage oocytes, dazl tends to 
concentrate in the Balbinani’s body whereas boule rather has an even 
distribution (H. Xu, Li, Gui, & Hong, 2007; H. Xu et al., 2009). 
1.2.5.4 tdrd1 (tudor) 
tdrd1, or tudor domain containing 1, is expressed in the migrating PGCs 
as well as adult germ cells. Unlike nanos3, its expression persists 
throughout the whole embryogenesis process since the early gastrulation 
stage (Aoki et al., 2008).  
1.2.5.5 dead end 
dead end, or dnd is a vertebrate-specific component of the germ plasm 
and encodes an RNA-binding protein essential for PGC development and 
gametogenesis (Liu et al., 2009). In zebrafish, the Dnd protein is localized 
to perinuclear germ granules within PGCs and dnd knockdown has led to 
the failure in PGC migration and eventually the loss of germ cells 
(Weidinger et al., 2003). In mouse, the Ter mutation in dnd has resulted in 
the loss of germ cells and testicular germ cell tumors, suggesting a 
conserved role dnd played in the germline maintenance (Youngren et al., 
2005). In Japanese medaka, dnd specifies embryonic and adult germ cells 
of both sexes (Liu et al., 2009) and its disruption has led to the formation 
of germ cell-less gonads (TS Wang, unpublished data). 
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1.2.5.6 sdgc 
sdgc, the short term for sex chromosome-dependent differential 
expression in germ cells, is a novel gene identified in the Y chromosome 
of Japanese medaka (Nishimura et al., 2014). sdgc transcripts are highly 
enriched in and affect the mitotic activity of early XY germ cells during 
embryogenesis; while in adult gonads, it shows preferential expression in 
the spermatogonia (Nishimura et al., 2014). Although sdgc is a male-
specific germ cell marker, its expression level remains nevertheless 
unchanged after dmy knockdown or overexpression (Nishimura et al., 
2014). 
1.2.5.7 foxl3 
As described in section 1.1.2.4, foxl3 is most recently identified as a germ 
cell-specific marker essential for sperm-egg fate decision in Japanese 
medaka as its disruption has led to the emergence of functional sperms 
(Nishimura et al., 2015). It is an ancient copy of foxl2 (forkhead box L2) 
which will be discussed as a somatic sex marker in section 1.2.6.6. foxl3 
expression is first detectable in germ cells of both sexes at stage-35 
embryos, which coincides with the onset of gonadal sex differentiation 
(Nishimura et al., 2015). During early sex differentiation, foxl3 expression 
is observed in a subset of mitotically active (instead of quiescent) type I 
germ cells of both sexes, continues in type II germ cells in XX gonads 
while disappears in meiotic germ cells and oocytes (Nishimura et al., 
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2015). In later developmental stages since ten dph, foxl3 is expressed 
exclusively in the germ cells of XX fish while absent in XY fish (Nishimura 
et al., 2015). This is the first case demonstrating that germ cells have the 
intrinsic cue for their fate decision. 
1.2.6 Identified somatic sex markers in Japanese medaka 
Several male- or female-specific somatic sex markers have been identified 
in Japanese medaka. 
1.2.6.1 dmrt1 
The autosomal counterpart of dmy is dmrt1 located on chromosome 9 
(Brunner et al., 2001). Unlike dmy, dmrt1 is not expressed in the 
developing embryos (Nanda et al., 2002). dmrt1 expression level is not 
detectable until 20 dph and increases dramatically in the XY gonads since 
then (Kobayashi et al., 2004). Thereafter, the amount of dmrt1 transcripts 
is much higher in the XY testis compared to the XX ovary, suggesting that 
dmrt1 is a male-specific sex marker (Kobayashi et al., 2004). In the 
mature testes, dmrt1 and dmy are co-expressed in the Sertoli cells 
(Kobayashi et al., 2004), while dmrt1 mRNA is more abundant as 
described in section 1.2.4 (Herpin et al., 2010). More importantly, dmrt1 is 
essential for the maintenance of testicular differentiation as its mutation 
has led to male-to-female sex reversal, although the mutant gonads still 
develop along the testicular pathway until five dph (Masuyama et al., 
2012). 
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1.2.6.2 sox9b 
sox9 belongs to the sry-related HMG box (sox) gene family and is well 
conserved among vertebrates. In mammals like mouse, it is directly 
upregulated by the master sex determining gene, sry in the somatic cells 
of the XY gonads and required for testicular differentiation as its deletion 
leads to complete XY sex reversal (Barrionuevo et al., 2006; Chaboissier 
et al., 2004; DiNapoli & Capel, 2008; Sekido & Lovell-Badge, 2008). In 
Japanese medaka, two sox9 genes, sox9a and sox9b, have been 
reported. sox9a is mainly expressed in the oocytes of the adult ovary 
(Yokoi et al., 2002). sox9b, or sox9a2 is expressed in primordium, young 
and adult gonads. During embryonic development, sox9b is expressed in 
the SGPs of both sexes which will further differentiate into gonadal 
supporting cells (Nakamura et al., 2006). These sox9b-expressing somatic 
cells align in interwoven threadlike cords structure to form germline 
cradles and provide the niche for germline stem cells (Nakamura, 
Kobayashi, Nishimura, Higashijima, & Tanaka, 2010). However, later 
during testicular tubules development, sox9b expression is maintained 
mainly in the somatic cells surrounding the spermatogonia of XY gonads 
(Nakamoto, Suzuki, Matsuda, Nagahama, & Shibata, 2005). It has thus 
become a gonadal somatic cell marker with preferential expression in 
adult testes. 
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1.2.6.3 anti-Müllerian hormone (amh) and amh receptor 
Anti-Müllerian hormone (Amh), or Müllerian inhibiting substance (Mis), is a 
secreted factor belonging to the TGF-β superfamily (Klüver et al., 2007). In 
amniotes, amh is expressed in the Sertoli cells of the testis and granulosa 
cells of the ovary and its primary function is to mediate the regression of 
the Müllerian ducts (Behringer, Cate, Froelick, Palmiter, & Brinster, 1990; 
Behringer, Finegold, & Cate, 1994; Lee et al., 1996). Amh is a intercellular 
signaling protein which functions together with anti-Müllerian hormone 
receptor type II (AmhrII) (Morinaga et al., 2007). In Japanese medaka, 
amh is expressed in gonads of both sexes and amhrII is expressed 
predominantly in adult testes (Klüver et al., 2007). More importantly, 
amhrII mutation in the hotei mutant has led to the over-proliferation of 
PGCs around hatching stage and male-to-female sex reversal in XY adults 
(Morinaga et al., 2007). 
1.2.6.4 cyp19a1 
cyp19a1, or commonly known as aromatase, belongs to the cytochrome 
P450 superfamily. It encodes the estrogen synthase that catalyzes the 
conversion of androgen to estrogen. Estrogens are important hormones 
for ovarian differentiation in non-eutherian vertebrates, and administration 
of estrogen in marsupials, birds, reptiles and teleosts can lead to male 
sex-reversal (Guiguen, Fostier, Piferrer, & Chang, 2010). Therefore 
Aromatase is an essential enzyme for ovarian development. In Japanese 
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medaka, cyp19a1 expression is detectable around four to ten dph in the 
ventral side of ovaries, immediately following the initiation of oogenesis 
(Aya Suzuki, Tanaka, & Shibata, 2004). Aromatase inhibitor treatment 
assay in hatched fry revealed that aromatase is critical for the ovarian 
cavity formation while not essential for early oogenesis and 
folliculogenesis of ovarian differentiation (Aya Suzuki et al., 2004). During 
early ovarian development, cyp19a1 is expressed in the precursors of 
theca cells, while p450c17-I is expressed in another type of theca cell 
precursors and these two types are mutually exclusive from each other 
(Nakamura, Kurokawa, Asakawa, Shimizu, & Tanaka, 2009). In the adult 
gonad, two sub-types of theca cells are identified based on the expression 
pattern of cyp19a1 and foxl2: one sub-type expresses both genes while 
the other expresses cyp19a1 only (Herpin et al., 2013).  
1.2.6.5 r-spondin1 (rspo1) 
R-spondin1, or Rspo1, is a secreted growth factor similar to the canonical 
Wnt (wingless-type MMTV integration site family) ligands. It is a key 
female-determining factor through up-regulating the expression of 
follistatin responsible for regulating vascular boundaries and germ cell 
maintenance in the ovary (Yao et al., 2004), or activation of the β-
catenin/T cell factor signaling pathway essential for female somatic cell 
differentiation and germ cell commitment into meiosis (Magliano & 
Chaboissier, 2008; Tomizuka et al., 2008). In mammals, rspo1 mutation 
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leads to female-to-male sex reversal on an XX background (Tomizuka et 
al., 2008). In Japanese medaka, rspo1 mRNA appears in the gonadal 
primordium between stage 33 to 35, continues in the somatic cells 
surrounding the germline stem cells and granulosa cells surrounding the 
oocytes of the young ovary, and finally in the epithelium and interstitium of 
adult ovaries (Herpin et al., 2013). 
1.2.6.6 foxl2 
foxl2 encodes a transcription factor belonging to the winged helix/forkhead 
family. It has been extensively studied in vertebrates and is an essential 
factor for ovarian development (Nakamoto, Matsuda, Wang, Nagahama, & 
Shibata, 2006). In human, foxl2 mutation leads to the eyelid malformation 
and premature ovarian failure (Crisponi et al., 2001). The mutual 
antagonistic relationship between foxl2 and dmrt1 has been identified in 
mice (Matson et al., 2011; Uhlenhaut et al., 2009). Recently foxl2 was 
reported as the female sex-determining gene in goat (Boulanger et al., 
2014). In addition, foxl2 regulates follistatin expression together with wnt4 
(Garcia-Ortiz et al., 2009; Ottolenghi et al., 2007). Moreover, foxl2 directly 
regulates cyp19a1 expression in mammals like goats (Pannetier et al., 
2006), suggesting its potential role in regulating estrogen synthesis 
process. In Japanese medaka, foxl2 expression starts right after hatching 
and is maintained in the granulosa cells throughout ovarian development 
(Nakamoto et al., 2006). In the adult ovary, foxl2 transcripts are detectable 
  33 
in the pre-vitellogenic and vitellogenic follicles while absent in the post-
vitellogenic follicles (Herpin et al., 2013; Nakamoto et al., 2006). foxl2 and 
cyp19a1 are co-expressed in the somatic cells located on the ventral side 
of XX gonads, indicating foxl2 might also directly regulate cyp19a1 
expression in Japanese medaka (Aya Suzuki et al., 2004). 
1.2.7 Sex reversal by genetic mutations in Japanese medaka 
Apart from spontaneous transformation or hormone treatment, sex 
reversal in Japanese medaka can also be induced by genetic mutations. 
As previously discussed, dmy or dmrt1 mutation leads to male-to-female 
sex reversal (Masuyama et al., 2012; Matsuda et al., 2007). In the amhrII 
mutant line hotei, nearly 50% of XY males homozygous for the mutated 
amhrII allele undergo male-to-female sex reversal and all mutants show 
over-proliferation of germ cells (Morinaga et al., 2007).  
The chemoattractant receptor, Cxcr4 is involved in the PGC 
migration during gastrulation stage (Kurokawa et al., 2006). Knockdown of 
cxcr4 leads to the generation of germ cell-deficient Japanese medaka and 
the XX morphants undergo female-to-male sex reversal and develop male 
secondary sex characteristics (Kurokawa et al., 2007).  
In the naturally existing Japanese medaka mutant line scl, the 
p450c17-I locus is mutated (Sato, Suzuki, Shibata, Sakaizumi, & 
Hamaguchi, 2008). This gene encodes the steroidogenic enzyme 
P450c17-I, responsible for the conversion of progestin to androgen 
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(Matsuda, 2011). Thus the scl mutants demonstrate low steroid hormone 
levels in both XX and XY individuals. Interestingly, gradual masculinization 
process is observed in XX scl mutants, where the gonad shows normal 
ovarian development at early stages, while is later diverted to the testicular 
pathway and is eventually capable of undergoing spermatogenesis 
(Matsuda, 2011). 
1.3 Gonadal soma derived factor (Gsdf)  
1.3.1 gsdf is a teleost-specific gene 
The gene gsdf encodes a novel cytokine, gonadal soma derived factor, 
which belongs to the TGF-β superfamily. It was first characterized in 
rainbow trout (Oncorhynchus mykiss) and is predominantly expressed in 
the somatic cells surrounding the PGCs in genital ridges during 
embryogenesis, as well as both granulosa and Sertoli cells of adult 
gonads (Sawatari et al., 2007). Interestingly, Gsdf is essential for germ cell 
proliferation in rainbow trout as gsdf knockdown has led to a decrease of 
PGC number in 20~30-days post fertilization (dpf) embryos and 
recombinant Gsdf is capable of stimulating spermatogonia proliferation in 
vitro (Sawatari et al., 2007). 
TGF-β family members are essential for the regulation of germ 
stem cell proliferation and differentiation (Davies & Fuller, 2008; 
Shivdasani & Ingham, 2003). However, gsdf is a unique member of this 
family due to the absence of a glycine residue in the conserved cystine 
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knot motif (Vitt, Hsu, & Hsueh, 2001). Phylogenetic analysis reveals that 
gsdf is well conserved in teleosts including Salmoniformes (rainbow trout, 
salmon), Beloniformes (Japanese medaka), Cypriniformes (zebrafish, 
roach, fathead minnow), Gadiformes (morhua), Tetraodontiformes 
(takifugu, spotted green pufferfish), and Gasterosteiformes (stickleback) 
(Gautier, Le Gac, et al., 2011). Phylogenetic analysis revealed that gsdf is 
likely to be restricted to teleostean fish species (Gautier, Le Gac, et al., 
2011) (Fig. 1-8). More recently, gsdf has also been identified in the ancient 
Coelacanthiformes (Latimeria), suggesting this gene arose early at the 
base of the fish lineage (Forconi et al., 2013). 
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Fig. 1-8. The gsdf gene is likely restricted to teleost fish (Gautier, Le 
Gac, et al., 2011). The phylogenetic tree is based on the sequences of 
amino acids encoding the TGF-β superfamily members. Scale bar, 
showing the number of expected amino acid substitutions per site per unit 
of branch length. AMH, anti-Müllerian hormone. GSDF, gonadal soma 
derived factor. 
 
Recently, gsdf has been studied in several distantly related fish 
species. Like rainbow trout, gsdf expression occurs early before gonadal 
differentiation and is also restricted to gonads in zebrafish, as its 2-kb 
proximal promoter region is already capable of targeting high levels of 
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transgene expression in Sertoli and granulosa cells (Gautier, Sohm, Joly, 
Le Gac, & Lareyre, 2011). In the protogynous wrasse (Halichoeres 
trimaculatus), gsdf is expressed predominantly in the testis and weakly in 
the ovary (Horiguchi et al., 2013). In the common carp, gsdf is mainly 
expressed in the testicular somatic cells while weakly expressed in the 
follicle layer of early-vitellogenic oocytes (Fujimoto et al., 2011). In coho 
salmon, gsdf is also expressed in the follicle cells surrounding the oocytes 
(Luckenbach, Iliev, Goetz, & Swanson, 2008). Even in the ancient 
Latimeria species, higher gsdf expression level in testes is observed. In 
summary, gsdf shows a conserved preferentially testicular expression 
pattern across various teleost species. 
1.3.2 gsdf in the Oryzias genus 
Up till now,  more than 20 extant species have been identified in the 
Oryzias genus and classified into three phylogenetic groups on the basis 
of the nuclear tyrosinase and mitochondrial 12S and 16S rRNA genes 
(Fig. 1-9) (Taijun Myosho, 2012; Takehana, Naruse, & Sakaizumi, 2005). 
As dmy is not a universal sex-determining gene in the Oryzias genus (J.-
N. Volff et al., 2003), novel sex-determining genes are ready to be 
discovered. 
 Recent studies have revealed that gsdf plays important roles in 
sexual differentiation in the Oryzias genus. For example in Oryzias 
luzonesis, a Y-chromosomal gsdfY has replaced dmy to act as the master 
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sex-determining gene as gsdfY shows high expression specifically in 
males and its ectopic expression causes masculinization of XX individuals 
to fertile males (T. Myosho et al., 2012). In O. pectoralis, gsdf is also 
located on the Y chromosome and functions as the sex-determining gene 
(Taijun Myosho, 2012). 
 
Fig. 1-9. Phylogenetic relationship in Oryzias fish species. 
 
  In Oryzias dancena, gsdf is highly expressed in the XY embryos 
during early gonadal differentiation period and predicted as the 
downstream target of its master sex determining gene sox3Y (Takehana et 
al., 2014). Specifically, gsdf expression is detectable in the XX fish when 
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function XY fish (Takehana et al., 2014). Taken together, gsdf is likely to 
serve a conserved role in the testicular differentiation pathway in the 
Oryzias genus. 
1.3.3 gsdf in O. latipes (Japanese medaka) 
1.3.3.1 Gene structure 
Japanese medaka gsdf was identified in 2010 by screening the 
subtraction cDNA library from male and female gonads (Shibata et al., 
2010). Japanese medaka gsdf gene is 2298-bp long and contains five 
exons encoding the gonadal soma derived factor of 216 amino acids, with 
the first 19 serving as the putative signal peptide (Fig. 1-10) (Shibata et al., 
2010). 
 
Fig. 1-10. Gene structure of Japanese medaka gsdf. Japanese 
medaka gsdf is composed of five exons and encodes the gonadal soma 
derived factor of 216 amino acids (blue boxes). The putative signal peptide 
is highlighted. Amino acid number is given to the top of each exon. E, 
exon. 
 
1.3.3.2 Expression pattern in embryos and adults 
During embryogenesis, gsdf expression is hardly detectable in XX 
embryos while shows an XY-specific up-regulation in six-dpf embryos (Fig. 
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1-11) (Shibata et al., 2010). Coincidently, six dpf is also the time point 
when the master sex-determining gene, dmy is found to be expressed in 
the primordium (Kobayashi et al., 2004). Thus gsdf and dmy are co-
expressed temporally at critical sex determination and initiation stages in 
the primordium preceding the emergence of the first sexual dimorphism. 
 
Fig. 1-11. gsdf expression during embryogenesis (Shibata et al., 
2010). (A) Relative expression levels of gsdf during early developmental 
stages (2-12 dpf). Significant differences in gsdf expression levels are 
observed between genetic males and females from six dpf onwards. *, P < 
0.01. (B-C) Whole-mount in situ hybridization with the anti-gsdf probe in 
six-dpf XY (B) and XX (C) embryos. gsdf signals are only detectable in six-
dpf XY primordium. 
 
In Japanese medaka adults, gsdf is expressed specifically in 
gonads of both sexes while predominantly in the testes (Fig. 1-12A) 
(Shibata et al., 2010), indicating its expression and function are limited to 
gonads. Chromogenic in situ hybridization on adult gonad sections further 
revealed that gsdf is highly expressed in gonadal somatic cells as strong 
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gsdf signals are detectable in the Sertoli cells within the cysts and somatic 
cells lining the efferent ducts of the testes (Fig. 1-12B); while relatively 
weak gsdf signals are observed in the granulosa cells surrounding the pre-
vitellogenic oocytes in the adult ovary (Fig. 1-12C) (Shibata et al., 2010). 
 
 
Fig. 1-12. gsdf expression pattern in Japanese medaka adults 
(Shibata et al., 2010). (A) Relative gsdf expression levels in various adult 
tissues normalized with Japanese medaka EF1α. (B-C) Chromogenic in 
situ hybridization on adult gonadal sections with the antisense probe 
against gsdf. (B) gsdf expression in the adult testis. (C) gsdf expression in 
the adult ovary. Scale bar, 100μm. 
 
Further, gsdf is co-expressed with dmy in the somatic cells 
surrounding the germ cells in embryos as well as adult gonads, indicating 
the expression pattern of gsdf with the master sex-determiner is spatially 
and temporally correlated (Shibata et al., 2010). Interestingly, upon 
estradiol (E2) treatment, gsdf expression was inhibited during the critical 
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sexual developmental stages in the XY embryos, while the expression 
level of dmy remained unchanged (Nagahama, Nakamura, Kitano, & 
Tokumoto, 2003; Shibata et al., 2010). However, the exact role gsdf plays 
in sex differentiation in Japanese medaka remains to be discovered. 
1.4 Genome editing 
1.4.1 Classical gene targeting 
Gene targeting represents a powerful approach for determining gene 
functions by creating designed genomic modifications at specific sites of 
animal genomes and the classical approach involves the replacement of 
an endogenous DNA segment with an exogenously introduced DNA 
fragment via homologous recombination (Capecchi, 2005). Typically in 
mouse, embryonic stem (ES) cells are first transfected with targeted 
vectors and the positive ES cells carrying the desired mutation is then 
selected and enriched with positive-negative selection method (Capecchi, 
2005). These positive ES cells are further transplanted into the mouse 
embryos for generating chimeric mice capable of passing the mutant gene 
to the germ line (Capecchi, 2005). This approach has become a routine in 
mice and produced thousands of transgenic animals to characterize 
specific gene functions or establish human disease models (X. Xu et al., 
1999; X. Zhang, Guan, Chen, Naruse, & Hong, 2014). 
However, this traditional approach requires a large quantity of 
cultured cells to obtain the positive cell clones due to the inherently low 
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homozygous recombination frequency, and also the ability of these cells to 
produce whole animals, which are pluripotent ES cells. The availability of 
ES cells has thus limited this approach to mouse (Collins, Rossant, & 
Wurst, 2007), rat (Tong, Li, Wu, Yan, & Ying, 2010) and most recently to 
fish Japanese medaka (Y. Yan et al., 2013). 
1.4.2 Direct genome editing  
In the past decade, engineered endonucleases, or targetable nucleases, 
like zinc finger nucleases (ZFNs) (Kim, Lee, Kim, Cho, & Kim, 2009; 
Ramirez et al., 2012) or transcription activator-like effector nucleases 
(TALENs) (J. C. Miller et al., 2011) have emerged as novel tools of 
targeted genome manipulation in cell cultures as well as whole organisms. 
Generally, each ZFN or TALEN is composed of a FokI endonuclease 
cleavage domain and a DNA-binding domain, which is programmable to 
adapt to any targeted sequences. A pair of ZFNs or TALENs could 
function as a dimer and specifically bind to the left and right arms flanking 
the target site. Upon binding, FokI endonucleases would create a double 
strand break at the targeted locus, which subsequently triggers the repair 
systems of the targeted cells. Typically, the cleavage is repaired by either 
non-homologous end joining (NHEJ) resulting in random insertions or 
deletions of base pairs at the targeted locus, known as gene disruption 
(GD), or homology-directed repair when a donor plasmid is present (Fig. 
1-13).  
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Fig. 1-13. Two repair systems for double strand break (Carroll, 2014). 
The double strand break (a) induced by engineered endonucleases can be 
repaired by homology-directed repair usually with the presence of a donor 
plasmid (b) or NHEJ with random indel mutations at the targeted locus (c). 
NHEJ, non-homologous end joining; HR, homologous recombination. 
 
 
Direct genome editing is of high efficiency and specificity since it is 
facilitated by inducing a double-stranded DNA cleavage precisely at the 
targeted locus. It is also straightforward and without the intermediate steps 
such as gene targeting in ES cells, selection of positive ES cell clones and 
chimera formation from the ES cells. More importantly, it is a universal 
approach and can be theoretically applied to any organisms since it does 
not demand the availability of ES cells.  
The customized DNA-binding domain determines the binding 
specificity and affinity of the engineered endonucleases to a great extent. 
The structures and DNA-binding mechanisms of several common 
targetable nucleases are described as below. 
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1.4.2.1 ZFN system 
The Cys2-His2 zinc-finger domain is one of the most common DNA binding 
motifs in eukaryotes and each domain contains approximately 30 amino 
acids in a conserved ββα fashion (Beerli, Segal, Dreier, & Barbas, 1998). 
Several amino acids on the surface of the α-helix typically contact 3 bp in 
the major groove of DNA (Fig. 1-14A) (Gaj, Gersbach, & Barbas, 2013). 
Based on the discovery of a conserved linker sequence (Beerli et al., 
1998) and the development of zinc-finger domains recognizing all of the 
64 possible nucleotide triplets (Dreier, Beerli, Segal, Flippin, & Barbas, 
2001; Dreier et al., 2005; Kim et al., 2009; Segal, Dreier, Beerli, & Barbas, 
1999), it becomes possible to link the domains in tandem to target virtually 
any DNA sequences (Fig. 1-14A) (Gonzalez et al., 2010). Engineered zinc 
fingers are then commercially available for constructing site-specific DNA-
binding proteins and enzymes. Further, by fusing pairs of artificial zinc-
finger DNA binding proteins containing three or four zinc fingers with the 
FokI nuclease domain, a sequence-specific nuclease is formed upon 
dimerization (Fig. 1-14C) (Gaj et al., 2013).  
1.4.2.2 TALEN system 
TALEs, known as transcription activator-like effectors, are naturally 
existing in the plant pathogen, Xanthomonas for regulating plant gene 
expression during pathogenesis (Bogdanove, Schornack, & Lahaye, 2010; 
Moscou & Bogdanove, 2009). The DNA-binding domain of TALEs is 
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composed of a series of repeats, each recognizing a single base pair (Fig. 
1-14B). Each repeat is 33-35 amino acids in length and the base 
specificity is determined by two adjacent amino acids known as the 
“repeat variable di-residue” (RVD). The relationship beween the four 
typical RVDs and the targeted base is as shown (Fig. 1-14B) (J. C. Miller 
et al., 2011). In order to create the sequence-specific cleavage, each 
TALE is fused with a FokI endonuclease domain at the C terminus to form 
a TALE nuclease (TALEN). Similar to ZFNs, TALENs also function as a 
pair but offer greater design flexibility due to the single-base recognition 
mechanism (Fig. 1-14C). 
1.4.2.3 CRIPSR/Cas system 
Specific DNA recognition is mediated by specialized protein domains in 
both ZFN and TALEN systems. However as recently reported, genome 
editing could also be mediated by RNA-guided DNA endonucleases and 
soon this method emerges as the most efficient and convenient approach. 
In bacteria, the clustered regulatory interspaced short palindromic repeats, 
known as CRISPR is a component of the acquired immunity system and 
capable of cleaving foreign DNA with RNA-guided DNA cleavage 
(Wiedenheft, Sternberg, & Doudna, 2012). The adaptive defense process 
by CRISPR can be divided into three steps: the first step is the integration 
of the viral or plasmid DNA-derived spacers into the CRISPR locus; the 
second is the expression of short guide CRISPR RNAs (crRNAs) and 
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finally the interference with the invading foreign DNA via various 
mechanisms (Deltcheva et al., 2011). In the CRISPR/Cas9 system, the 
mature crRNA is base-paired to trans-activating crRNA (tracrRNA) to form 
a two-RNA structure, further guiding the CRISPR-associated protein Cas9 
to introduce double strand breaks at the targeted DNA locus (Jinek et al., 
2012). The target recognition by the Cas9 protein requires a “seed 
sequence” within the crRNA and a conserved dinucleotide-containing 
protospacer adjacent motif (PAM) sequence adjacent to the crRNA-
binding region (Gaj et al., 2013). Based on these mechanisms, Cas9 can 
be programmed with guide RNA, engineered as a single transcript to 
target and cleave any double-stranded DNA sequences (Fig. 1-14C) 
(Jinek et al., 2012). Compared with ZFNs and TALENs, CRISPR/Cas 
system is more convenient and efficient, while demonstrates higher 
frequency of off-targeting events as well. 
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Fig. 1-14. Engineered endonucleases (adapted from (Carroll, 2014; J. 
C. Miller et al., 2011)). (A) Structure of zinc-finger protein in complex with 
the target DNA (blue). Each zinc-finger domain contacts 3 or 4 bp in the 
major groove of DNA (Gaj et al., 2013). Surface residues (-1, 2, 3 and 6) of 
one zinc finger are highlighted on the right and responsible for the 
contacts with DNA. Zn2+ ion, grey. (B) Schematic view of a TALE from 
Xanthomonas (Top). Red rectangles indicate the tandem repeat and the 
RVD is indicated in a box. RVDs and their corresponding bases are shown 
in the bottom. (C) Schematic view showing the DNA binding in ZFN, 
TALEN and CRISPR/Cas systems. DNA is shown in black line. For ZFNs 
and TALENs, individual modules are shown in different colors; Purple 
ovals, FokI nuclease domain. For CRISPR/Cas, guide RNA is shown in 
light blue; Orange oval, Cas9 protein; Arrows, PAM; Arrowheads, DNA 
cleavage site. PAM, protospacer adjacent motif. Blue text, indicating the 
recognition feature of each system. 
 
 Of all the three systems, ZFN-mediated genome editing was 
developed first and is the most optimized approach. The targeting 
efficiency is comparable to TALENs and the frequency of off-targeting 
events is not as high as the CRISPR/Cas system (Carroll, 2014). In this 
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study, ZFN was used to mediate targeted gsdf gene disruption in 
Japanese medaka. 
1.4.3 ZFN-mediated genome editing cases 
Up till now, ZFNs have been successfully applied for direct genome editing 
in various organisms including nine invertebrate species, Drosophila, C. 
elegans, sea urchin, silkworm, mosquito, cricket, butterfly, Ciona and 
Plasmodium, ten vertebrate species, zebrafish, catfish, frog, rat, mouse, 
rabbit, goat, pig, cow and chicken as well as six plant species, cress, 
tobacco, maize, soybean, Chlamydomonas and petunia (reviewed in 
(Carroll, 2014)). ZFNs were applied in cell cultures of four mammalian 
organisms, human, mouse, hamster and pig as well (reviewed in (Carroll, 
2011)). Importantly, ZFN has been attempted to conduct the loss-of-
function study of potential sex-determining genes like the immune-related 
gene sdY in rainbow trout (Yano et al., 2012) or sox3Y in O. dancena 
(Takehana et al., 2014). In Japanese medaka, ZFN was used to mediate 
targeted disruption of an exogenously introduced gfp transgene (Ansai et 
al., 2012). 
1.4.4 Detection of subtle allelic alterations 
As shown in Fig. 1-13, engineered endonucleases are capable of 
mediating efficient GD, resulting in indel mutations at or around the 
targeted locus. These random mutations are usually minor allelic 
alterations and hardly detectable with standard agarose gel 
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electrophoreses. Three methods are commonly used to bypass or 
overcome this challenge. The first method is phenotyping based on the 
phenotype changes after GD (Takasu et al., 2010). This method cannot be 
universally used since many GD cases do not lead to apparent and easily 
identifiable phenotype changes, and is especially not applicable when 
screening for heterozygous samples with a single mutant allele. The 
second approach is restriction site selection (Wittwer, Reed, Gundry, 
Vandersteen, & Pryor, 2003). However, this method demands the 
existence of specific restriction enzyme recognition sites within the 
detection region and not all GD events will necessarily lead to the loss of 
the particular restriction site. The third method is mismatch cleavage 
mediated by endonucleases like T7 endonuclease I (T7E1) and has been 
widely applied in mutation and polymorphism detection (Ishikawa et al., 
2010). Specifically, enzymes such as T7E1 can cleave the mismatched 
sites to produce two shorter DNA fragments, which can be further 
distinguished on the agarose gel. However, the sensitivity of this 
approach, which will be discussed in section 3.2.1.2.1, is not high enough 
for high-throughput genotyping of GD events.  
Novel techniques, like capillary electrophoresis (Kozlowski & 
Krzyzosiak, 2001) or high-resolution melting analysis (Ishikawa et al., 
2010; Wittwer et al., 2003), require specialized equipment to detect subtle 
allelic alterations. Therefore it is necessary to develop a GD detection 
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system that is highly efficient, sensitive, convenient, robust, and economic 
at the same time. 
1.5 Objectives 
To examine the role of gsdf for Japanese medaka testicular development 
with reverse genetics in this thesis work, following objectives should be 
achieved: 
1. Generation of gsdf loss-of-function fish: 
• Establishment of ZFN-mediated GD procedures in Japanese 
medaka; 
• Development of efficient GD genotyping systems; 
• Optimization of the parameters for inducing efficient GD; 
• Generation of gsdf +/- and gsdf -/- fish; 
2. Analyzing the gsdf loss-of-function fish and embryos: 
• Phenotypic analysis of gsdf loss-of-function adults; 
• Gonadal analysis, including the gonadal morphology, histology 
and expression profiles of gsdf loss-of-function adults; 
• Phenotype observation of gsdf loss-of-function embryos; 
3. Understanding the role of gsdf in Japanese medaka sexual 
differentiation: 
• Examining its relationship with the master sex determining gene 
dmy; 
• Comparing gsdf with other autosomal sex-related genes. 
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Chapter II: Materials and Methods 
2.1 Fish maintenance, sexing and gonadosomatic index (GSI) 
measurement 
Fish work was performed strictly following the recommendations in the 
Guide for the Care and Use of Laboratory Animals of the National 
Advisory Committee for Laboratory Animal Research in Singapore and 
approved by this committee (Permit Number: 27/09). The Japanese 
medaka wildtype strain Hd-rR, and vasa-gfp transgenic strain, Vg were 
maintained in aquaria under an artificial photoperiod of 14-h light to 10-h 
darkness at 26~28 °C as suggested (Kinoshita et al., 2009). Japanese 
medaka embryos were maintained at 27 ± 2 °C and staged as described 
(Appendix 1) (Iwamatsu, 2004).  
Phenotypic sex was identified based on the secondary sex 
characteristics (Kinoshita et al., 2009). Genetic sex (XX or XY) was 
determined by PCR genotyping with the primer set, PG17.5 and PG17.6 
(Appendix 2) amplifying dmy and dmrt1 transcripts (Matsuda et al., 2002). 
To measure the GSI of adult fish, gonads of three-months post 
fertilization (mpf) adults were dissected. Wet weight of both fish and 
gonads were determined. The GSI of each fish was calculated as follows: 
GSI = (wet weight gonads * 100) / [wet weight (fish)-wet weight(gonads)]. 
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2.2 DNA manipulation 
2.2.1 Genomic DNA extraction 
Genomic DNA was extracted from the embryos (including those after 
primoridal germ cell observation) or adult fin clips as described (J. Chen et 
al., 2012; Hong, Winkler, & Schartl, 1998). Specifically, embryos were 
collected in 1.5-ml Eppendorf tubes and stored at -30 °C. Frozen embryos 
were treated with 200-μl DNA extraction buffer (50 mM Tris-HCl, pH 8.0; 1 
mM EDTA; 0.5% SDS; 200 μg/ml proteinase K) and homogenized with a 
plastic pestle. Caudal fin clips were collected in Eppendorf tubes from 
adult fish and immediatedly treated with 50 μl of DNA extraction buffer 
each. These tubes containing the embryos or fin clips were incubated at 
55 °C overnight. Following heat-inactivation of proteinase K at 80 °C for 10 
min, genomic DNA was precipitated by adding 2.5 volume of 100% 
ethanol, washed with 1-ml 70% ethanol, air-dried and dissolved in 50 μl of 
TE buffer (10mM Tris-HCl; 1mM EDTA, pH 8.0). 
2.2.2 Genotyping 
The procedure for genotyping of mutant fish is shown in Fig. 2-1. Firstly, 
genotyping PCR was performed to amplify the DNA fragment 
encompassing the ZFN target site. After repeated PCR cycles of 
denaturing and re-annealing, samples with targeted mutation will generate 
several forms of PCR products, including wildtype homoduplexes, mutant 
homoduplexes, wildtype-mutant heteroduplexes or mutant-mutant 
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heteroduplexes. These PCR products did not exhibit visible size 
differences directly on the common agarose gel but could be differentiated 
by TAGE (T7 Endonuclease 1 (T7E1) digestion and agarose gel 
electrophoresis) or PAGE (polyacrylamide gel electrophoresis) detection 
systems.  
In TAGE, heterozygous DNA fragments containing the mismatched 
site were digested by T7 Endonuclease 1 (T7E1) and thus became 
distinguishable from the uncut homoduplex molecules (J. Chen et al., 
2012). In PAGE, heteroduplexes showed retarded mobility on native 
PAGE gel and can be visualized clearly on top of homoduplex bands. All 
PCR products remained intact and fully recoverable after PAGE detection.  
 
Fig. 2-1. Heteroduplex production and detection by TAGE and PAGE 
(J. Chen et al., 2012). Flowchart showing heteroduplex production by 
PCR and detection by PAGE and TAGE. Hm, homoduplex; Ht, 
heteroduplex; T7, T7 endonuclease I; TAGE, T7E1 digestion and agarose 
gel electrophoresis; PAGE, polyacrylamide gel electrophoresis.  
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2.2.2.1 Genotyping PCR and agarose gel electrophoresis 
Genotyping PCR was performed in a 25-μl volume containing 50-ng 
genomic DNA as the template to amplify the 332-bp DNA fragment 
bearing the targeted gsdf locus. Each reaction contained 2.5-μl 10× PCR 
buffer (0.2 mM Tris-HCl, pH 8.8, 0.1 M KCl, 0.1 M (NH4)2SO4, 20 mM 
MgSO4 and 1% (v/v) Triton X-100), 1-μl 5 mM dNTP mix, 1-μl 10 μmol 
sense primer, 1-μl 10 μmol antisense primer, 1-μl template and 0.2-μl 
5U/μl Taq polymerase (TaKaRa). The PCR parameters were set as 
follows: initial denaturation at 95 °C for 2 min, followed by 35 cycles of 
amplification process (95 °C for 15 s, 60 °C for 15 s and 72 °C for 30 s), 
and final extension at 72 °C for 5 min. The genotyping primer set 
amplifying the gsdf locus (genotyping Fw and genotyping Rv) is as shown 
(Appendix 2).  
In the gel recovery and subsequent PCR (grsPCR) procedure for 
the enrichment of rare alleles, PCR products were gel-recovered, ground 
in 10 ~ 20 μl of Tris-EDTA (TE) and incubated overnight at room 
temperature. The dissolved DNA was used as templates to run 
subsequent PCR for 30 cycles under the same conditions. Three-μl PCR 
products were separated on 1% (w/v) agarose gels in 1× TAE (Tris-acetic 
acid EDTA) buffer with the Mini-Protean electrophoresis unit (Bio-Rad 
Laboratories) at 80 V for 40 min under room temperature. Gels were 
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stained with GelRed (Biotium) and documented on a bioimaging system 
(Syngene).  
2.2.2.2 TAGE 
For heteroduplex detection by TAGE, three-μl PCR product was digested 
with 0.3-U T7E1 (New England BioLabs) in a 5-μl volume at 37 °C for 1.5 
h. The digested products were further separated on 2% (w/v) agarose gels 
in 1× TAE buffer. 
2.2.2.3 PAGE 
For heteroduplex detection with PAGE, four-μl PCR products were 
separated on 8% polyacrylamide gels (3.2-ml 30% Acrylamide-Bis; 6.4-ml 
ddH2O; 2.4-ml 5× TBE; 200-μl 10% Ammonium Persulfide (APS); 10-μl 
N,N,N’,N’-tetramethylethylene diamine (TEMED)) (Sambrook, Fritsch, & 
Maniatis, 1989) in 1× TBE (Tris-boric acid EDTA) buffer with the Mini-
Protean electrophoresis unit (Bio-Rad Laboratories) at 100 V for 2 h under 
room temperature. Subsequently, gels were stained with 1× GelRed 
(Biotium) in 1× TBE buffer for ten min and documented on a bioimaging 
system (Syngene). Number and intensity of bands were quantified with 
Gel-Pro analyzer (MediaCybernetics). 
2.2.2.4 Fragment analysis  
For large-scale genotyping, the genotyping forward primer was labeled 
with FAM (Fluorescein amidite) fluorescence dye on the 5’ end, and 
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genotypes were determined by automated sizing of fluorescently tagged 
PCR products as described (Shirak et al., 2006). Specifically, the FAM-
labeled 0.5-μl PCR products were mixed with 0.5-μl internal size standard, 
GeneScan 500 Rox dye (Applied Biosystems) in 9-μl Hi-Di Formamide 
(Life technologies). The mixture was denatured at 95 °C for 3 min and 
subjected to electrophoresis with 3130XL or 3730XL DNA sequencer 
(Applied Biosystems). The DNA fragments were further automatically 
sized with the reference of the internal size standard. Genotypes of 
individuals were analyzed by GeneMapper software (version 5.0, Life 
technologies).  
2.2.3  Cloning and sequencing 
2.2.3.1 DNA digestion, purification and quantification 
DNA digestion with restriction enzyme (New England Biolabs) was 
performed according to the manufacturer’s protocol. Normally the 
maximum DNA concentration was 300 ng/μl and 5-10 units of enzyme 
were used to digest 1-μg DNA in a single reaction. After digestion or PCR, 
DNA was purified by equal volume of phenol:chloroform:isoamyl alcohol 
(25:24:1, Ambion) and further precipitated by 2.5-volume 100% ethanol 
with centrifugation at 15,000 rpm for 30 min at 4 °C. The air-dried pellet 
was reconstituted in a proper amount of ddH2O or TE buffer. The gel 
extraction kit (Qiagen) was used to purify DNA by agarose gel recovery. 
  58 
DNA concentration and purity were determined with Cytation 3 cell 
imaging multi-mode reader (BioTek). 
2.2.3.2 DNA ligation and transformation 
The PCR products were TA-cloned into the pGEM-T easy vectors 
(Promega). The ligation products were further used for transformation, 
sequencing and sub-cloning. Typically, the 20-μl DNA ligation mixture 
contained 4-μl 5× ligation buffer (250 mM Tris-HCl, pH 7.6, 50 mM MgCl2, 
5 mM ATP, 5 mM Dithiothreitol (DTT) and 25% (w/v) polyethylene glycol-
8000), insert DNA, vector DNA (20 - 200 ng) and 1-μl T4 ligase (Promega), 
with the molar ratio of the insert and the vector set as 3:1. The ligation 
mixture was incubated overnight at 4 °C for TA-ligation and 16 °C for 
sticky-end ligation. 
For transformation, competent cells stored at -80 °C were freshly 
thawed and added into 5-μl ligation product. The mixture was incubated 
on ice for 30 min. Following incubation, the mixture was immediately 
subjected to the heat-shock process by incubating at 42 °C for 60 s. The 
heat-shocked mixture was further recovered at 37 °C incubator for 40 min 
and spread onto LB (Luria-Bertani) agar plate with proper antibiotics, like 
ampicillin or kanamycin at a final concentration of 100 μg/ml. The plates 
were then incubated at 37 °C overnight to allow for colony formation. 
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2.2.3.3 Plasmid DNA extraction 
For small-scale plasmid extraction, single colonies were selected and 
amplified 12-16 h at 37 °C in 3-ml LB medium with proper antibiotics. 
Plasmids were extracted according to the standard alkaline lysis protocol. 
Typically, bacteria cultures were transferred into 1.5-ml eppendorf tubes 
and centrifuged at 8000 rpm for 2 min. The pellet was resuspended in 
100-μl Solution I (15 mM Tris-HCl, 10 mM EDTA, 100 μg/ml RNase A), 
followed by adding 200-μl Solution II (freshly prepared with equal volume 
of 2% SDS and 0.4 M NaOH). The mixture was neutralized by 200-μl 
solution III (3 M KAc-HAc, pH 5.5) and subjected to centrifugation at 
14,000 rpm for 30 min. The supernatant was further transferred and 
precipitated by 750-μl isopropanol with centrifugation at 14,000 rpm for 30 
min. The precipitated DNA was further washed with 1-ml 70% ethanol 
(w/v) and eluted with 30 μl of TE buffer. Large-scale extraction of plasmids 
with high purity was performed with plasmid Midi or Maxi kit (Qiagen) 
strictly following the manufacturer’s manual. 
2.2.3.4 Sequencing and sequence analysis 
Each 10-μl sequencing reaction contained 2-μl BigDye Ready Reaction 
Premix (Applied Biosystems), 1-μl BigDye Sequencing Buffer (Applied 
Biosystems), 1-μl DNA (50 ng - 100 ng), 1-μl primer (3.2 μM) and 5-μl 
ddH2O. The single primer extension was performed with 25 cycles of 96 
°C for 10 s, 52 °C for 5 s, 60 °C for 2 min in a thermal cycler. The reaction 
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mixture was further transferred to the 96-well plate and purified with 
PureSEQ magnetic beads sequencing cleanup system (ALINE) following 
the manufacturer’s manual and re-suspended in 40 μl of ddH2O. 
Sequencing was performed with 3130XL and 3730XL DNA sequencer 
(Applied Biosystems). Sequence analysis was performed with Vector NTI 
(Invitrogen) and DNAman (Lynnon Biosoft) software, as well as online 
tools such as BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
2.2.4 Reverse-transcription PCR (RT-PCR) 
First strand complementary DNA (cDNA) was synthesized from total RNA 
extracted from fish gonads or cells (described in 2.3.1) with Maxima H 
Minus First Strand cDNA Synthesis Kit (Life Technologies). Specifically, 
the 20-μl reaction system was prepared to include the following contents: 
4-μl 5× Reaction Mix, 2-μl Maxima Enzyme Mix, 1-μg total template RNA 
and nuclease-free water. The mixture was further incubated at 25 °C for 
10 min followed by 30 min at 50 °C. The reverse transcription process was 
then terminated by 85 °C for 5 min. The resultant cDNA was stored at  -
20 °C until use. RT-PCR was performed with the synthesized cDNA as the 
template under the following condition: 96 °C for 15 s, 55 °C for 30 s and 
72 °C for 20 s. β-actin was used as the reference gene, as there is only 
one β-actin paralog reported in Japanese medaka and its expression level 
is uniform in the tissues analyzed, i.e. testis and ovary (Z. Zhang & Hu, 
2007). The number of PCR cycles for tested genes were around 30, and 
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25 for the amplification of β-actin. Primer sequences used are listed in 
Appendix 2. The annealing temperature was adjusted based on the 
primers used. 
2.2.5 Real-time PCR 
Real-time PCR was performed using the StepOnePlus system (Applied 
Biosystems) with Fast SYBR Green Master Mix (Applied Biosystems) and 
400 nmoles of each primer. The enzyme was activated at 95 °C for 20  s, 
followed by 40 cycles of denaturation at 95 °C for 5  s, annealing and 
elongation at 60 °C for 30  s. A melting curve was checked at the end of 
the reaction to evaluate the amplification specificity. Relative expression 
levels (according to the equation 2-DeltaCT) were calculated and control 
was set to 1 as a reference. 
2.2.6 Droplet-digital PCR (ddPCR) 
Quantification of RNA transcripts was performed with QX200 automated 
ddPCR system (Bio-Rad Laboratories) strictly following the manufacturer’s 
instructions. Briefly, cDNA templates were first mixed with 2× QX200 
ddPCR EvaGreen Supermix to a total volume of 20 μl. The mixture was 
transferred to the 96-well plate (Eppendorf) and subjected to oil droplets 
generation with the automated generator (Bio-Rad Laboratories). The DNA 
in oil droplets were further amplified with the following set-up: 95 oC for 10 
min (1 cycle), 94 oC for 30 s and 60 oC for 1 min (40 cycles), 98 oC for 10 
min (1 cycle) and 4 oC until droplet reading. Droplets were read by QX200 
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Droplet Reader (Bio-Rad Laboratories) and analyzed with the QuantaSoft 
software (Bio-Rad Laboratories) that determines concentration of target 
cDNA as copies per microliter (copies/μl) from the fraction of positive 
droplets using Poisson statistics (Beliakova‐Bethell et al., 2014). The copy 
number of each mRNA was further normalized with β-actin. 
2.2.7 Chromatin immunoprecipitation (ChIP) 
Binding sites for transcription factors were predicted using the matrix 
(Murphy, Zarkower, & Bardwell, 2007), and the Regulatory Sequence 
Analysis Tools portal (http://rsat.ulb.ac.be/rsat/, last accessed March 15, 
2015). Testis samples (20 mg) from Dmy-GFP transgenic fish and GFP 
antibody (Upstate) were used for ChIP by using the EpiQuik Tissue 
Chromatin Immunoprecipitation kit (Epigentek). After tissue disaggregation 
and cell re-suspension, DNA was sheared by sonication (9 pulses of 10s 
with an amplitude of 10%). ChIP procedure and analysis of DNA 
enrichment by real-time PCR were as described (Herpin et al., 2010). 
2.2.8 Vectors 
Generally, pGEM T-easy vector (Promega) was used for the cloning of 
PCR products. pZFNGsdfLeft-FokI and pZFNGsdfRight-FokI were 
commercially synthesized based on the modular assembly approach 
(Toolgen, South Korea) and used for ZFN synthesis (X. Zhang et al., 
2014). Plasmid pGsdf2Agfp expressing a chimeric mRNA between 
Japanese medaka gsdf and gfp was constructed, which predicted a 
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nascent fusion protein that is self-cleaved by 2A sequence into Gsdf and 
GFP. Plasmid pDmycherry, pGsdfcherry expressing a fusion between 
Dmy, Gsdf and Cherry was constructed by inserting dmy, gsdf coding 
sequence with BamHI and EcoRI into the pCS2cherryHis backbone 
(Zhendong, 2009). Plasmids for synthesizing riboprobes were constructed 
by TA-cloning of PCR products into pGEM-T Easy vectors (Promega). 
Major vectors are listed in the Appendix 3. 
2.3 RNA manipulation 
2.3.1 Total RNA extraction 
Total RNA from the fish embryos, gonads or cells was extracted with Trizol 
reagent (Invitrogen) following the the manufacturer’s instructions. Fresh 
tissue samples (50 mg - 100 mg) or 5~10×106 cultured cells were 
homogenized in 1-ml Trizol reagent. After incubation at room temperature 
for 5 min, 200-μl chloroform was added per 1-ml of Trizol and mixed 
thoroughly. The mixture was further centrifuged at 15,000 rpm for 15 min 
at 4 °C to allow for phase separation. The aqueous phase was then 
transferred and precipitated with 500-μl isopropanol. The pellet was further 
washed with 75% ethanol, air-dried, and dissolved in a proper amount of 
nuclease-free water. RNA concentration was determined using Cytation 3 
cell imaging multi-mode reader (BioTek) and stored at -80 °C until use. 
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2.3.2 In vitro mRNA synthesis 
To synthesize the mRNA or riboprobes in vitro, cDNAs were first cloned 
into the pGEM t-easy vectors (Promega) or pCR4-TOPO (Life 
technologies). These plasmids were linearized, purified and served as 
templates. In vitro mRNA synthesis was performed with the mMessage 
mMachine Ultra Kit (Ambion) according to the manufacturer’s protocol. 
The 20-μl reaction system contained 4-μl 5× transcription buffer, 10-μl 2× 
NTP/CAP, 1-μg linearized plasmid, 1-μl T3, T7 or SP6 polymerase and 
20-U RNase inhibitor (Promega). After in vitro mRNA synthesis at 37 °C 
for 2 h, 1-μl Turbo DNase (Ambion) was added to digest the cDNA 
template at 37 °C for 15 min.  After digestion, the synthesized RNA was 
precipitated by adding 30-μl LiCl precipitation solution (7.5 M LiCl, 50 mM 
EDTA, pH 8.0) and 30-μl nuclease-free water. After centrifugation, the 
RNA pellet was washed with 75% ethanol, air-dried and reconstituted in 
30-μl nuclease-free water. For riboprobe synthesis, the 10× digoxigenin or 
fluorescein labeling mix (Roche) was used to replace the 2× NTP/CAP. 
RNA or riboprobe concentration was determined with Cytation 3 cell 
imaging multi-mode reader (BioTek) and stored at -80 °C until use. 
2.3.3 In situ hybridization 
2.3.3.1 Fixation and cryosectioning 
The adult gonads of Japanese medaka were fixed at 4 °C for 24 h with 4% 
paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The fixed 
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gonads were cryoprotected in 30% sucrose (w/v) at 4 °C for 24 h. The 
samples were then incubated at 70 °C for 15 min and re-cryoprotected in 
30% sucrose at 4 °C for 24 h. These cryoprotected samples were further 
embedded in the tissue freezing medium (Leica) and ready for 
cryosectioning. Cryosectioning was performed with CM-1880 cryostat 
(Leica). The gonad sections were 5-μm thick and mounted on 
SuperfrostPlus microscope slides (Thermo Scientific). These cryosections 
were stored at -30 °C until use. 
2.3.3.2 Fluorescence in situ hybridization (FISH) 
The double-color FISH was performed as described with minor 
modifications (H. Xu et al., 2009). Compared to traditional chromogenic in 
situ hybridization, double-color FISH allows for simultaneous detection of 
two probes with high sensitivity based on the detection of horseradish 
peroxidase (POD)-conjugated probes. Basically, after the catalysis of 
POD, the highly reactive, short-lived tyramide radicals could be generated 
and further detected by the tyramide signal amplification (TSA) kit (Perkin-
Elmer). 
Specifically, the cryosections were air-dried, permeabilized by 
proteinase K (10 μg/ml) at 37 °C for 10 min, acetylated with the acetylation 
mixture (125-μl triethanolamine and 27-μl acetic anhydride in 10 ml 
nuclease-free water) and pre-hybridized with the hybridization buffer (50% 
formamide, 5× SSC, 50 μg/ml heparin, 0.1% Tween 20, 500 μg/ml torula 
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RNA, pH 6.0-6.5) at 65 °C for 1 h. Prior to hybridization, the DIG or 
fluorescein labeled riboprobes (400-8000 ng) were added to 500-μl 
hybridization buffer and denatured by incubation at 80 °C for 10 min 
followed by rapid cooling on ice. For hybridization, 100-μl hybridization mix 
was added to each slide, covered with coverslips and incubated overnight 
at 65 °C. To keep the incubation environment moisturized, the 4-well plate 
were layered with filter papers, which were soaked in 50% Formamide - 
2× SSCT (2× SSC (Saline Sodium Citrate) with 0.1% Tween 20), and 
sealed with plastic wrap. 
 After hybridization, the slides were washed two times in 50% 
Formamide - 2× SSCT at 65 °C for 30 min each, two times in 2× SSCT at 
65 °C for 15 min each, and two times in 0.2× SSCT (0.2× SSC with 0.1% 
Tween 20) at 65 °C for 30 min each. For detection of the fluorescein-
labeled probe, the washed slides were blocked with blocking buffer (2% 
goat serum (v/v) and 2 mg/ml Bovine Serum Albumin (BSA) in 1× PBST 
(1× PBS with 0.1% Tween 20)) at room temperature for 1 h, and further 
incubated with POD-conjugated anti-fluorescein antibody (Roche) (1:2000 
diluted with the blocking buffer) overnight at 4 °C. After washing with 1× 
PBST for six times and 10 min each, the samples were incubated at room 
temperature for 40 min in the TSA-Fluorescein solution (1:100 diluted in 
the 1× Plus Amplification Diluent) (Perkin-Elmer). For further detection of 
the DIG-conjugated probe, the samples were treated with 3% H2O2 at 
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room temperature for 15 min to deactivate the POD activity. Subsequently, 
the samples were blocked, incubated with POD-conjugated anti-DIG 
antibody (1:1000, Roche). The signal was amplified with TSA-Cy3 (Perkin-
Elmer) for 40 min at room temperature. In the end, nuclei were stained 
with 4’,6-diamidino-2-phenylindole (DAPI, 300 nM). Coverslips were 
mounted with the Gold Antifade reagent (Invitrogen) for fluorescence 
observation under microscopy.  
2.4 Immunofluorescence (IF) 
2.4.1 IF on cell culture 
For immunostaining of cultured cells, transfected cells were grown on the 
pre-coated coverslips (Corning) in the 24-well cell culture plates and fixed 
in 4% PFA (diluted in 1× PBS) for 20 min at room temperature. The fixed 
cells were washed with 1× PBST for six times and ten min each and 
blocked with 5% goat serum (v/v) in 1× PBST. After blocking, the cells 
were further incubated with anti-Gsdf primary antibody (αGsdf, commercial 
monoclonal antibody with specificity tested with enzyme-linked 
immunosorbent assay, epitope ‘EEPAASPAST’, 1:200 dilution, abmart) for 
two h at room temperature or overnight at 4 °C. After washing with 1× 
PBST for 6× 10 min, the cells were incubated with the secondary antibody 
(Alexa Fluor 488 anti-mouse IgG, 1:200, abcam) for one h at room 
temperature. Following washing for another six times, the cells were 
nuclei-stained with DAPI. The coverslips with the stained cells were further 
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transferred to the glass slides, and mounted with Gold Antifade Reagent 
(Invitrogen) for observation with fluorescence microscopy. 
2.4.2 IF on tissue cryosections 
For immunostaining on gonadal cryosections, the sections were air-dried, 
rehydrated, and blocked with 5% goat serum in 1× PBST for one h at room 
temperature and incubated overnight at 4 °C with mouse anti-Gsdf primary 
antibody (αGsdf, commercial monoclonal antibody with specificity tested 
with enzyme-linked immunosorbent assay, epitope ‘EEPAASPAST’, 
Abmart, 1:200) and rabbit anti-Vasa primary antibody with specificity 
described elsewhere (H. Xu, Gui, & Hong, 2005) (polyclonal antibody, anti-
rabbit, self-made, 1:200).  After washing with 1× PBST for six times and 
10 min each, the sections were further incubated anti-mouse and anti-
rabbit secondary antibody (Alexa Fluor 488, 1:200, abcam; Alexa Fluor 
543, 1:200, abcam) for 1 h at room temperature. After washing for 6× 
10min and nuclei staining with DAPI, coverslips were mounted to the glass 
slides with Gold Antifade Reagent (Invitrogen) for fluorescence 
observation. 
2.5 Embryo microinjection 
For microinjection into 1-cell Japanese medaka embryos, males and 
females were separated the day before and mixed together in the early 
morning with lights on to allow for synchronized spawning. The embryos of 
the same developmental stages were collected, aligned in the agarose 
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gooves (1 mm in width, 1 mm in depth), and submerged in 1× Yamamoto 
Ringer’s solution (7.5-g NaCl, 0.2-g KCl, 0.2-g CaCl2·2H2O, 0.02-g 
NaHCO3 and ddH2O to a final volume of 1 L, pH 7.3). The injection 
solution, such as plasmids or RNA was loaded together with phenol red 
(indicator) into a heated glass capillary needle pulled with a micropipette 
puller P-87 (Sutter Instrument). The capillary needle was then loaded to 
the mechanical micromanipulator (Leica) filled with mineral oil as the 
pressure transmitter. The needle tip was open after a gentle touch with a 
forcep. Compared to other fish, microinjection into Japanese medaka 
embryos is more challenging due to its hard chorions surrounding the 
embryos and the impenetrable barrier between the cytoplasm and yolk. 
Therefore the solution needs to be released within the cytoplasm during 
the injection process. Typically, 0.5-nl solution was injected into each 1-
cell embryo. After injection, the embryos were incubated in the embryo 
rearing medium (ERM, 0.1% (w/v) NaCl, 0.003% (w/v) KCl, 0.004% (w/v) 
CaCl2·2H2O, 0.016% (w/v) MgSO4·7H2O and 0.0001% (w/v) methylene 
blue) at 28 °C. 
2.6 Cell culture 
2.6.1 Preparation of cell culture medium 
The standard culture medium for Japanese medaka embryonic stem (ES) 
cells, ESM4 (Embryonic stem cell medium 4) was prepared as described 
(Yi, Hong, & Hong, 2010). This medium consists of 13.37-g/L Dulbecco’s 
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Modified Eagle’s Medium (DMEM, Gibco), 20-mM Hepes (Sigma), 15% 
(v/v) Fetal Bovine Serum (FBS, Gibco), 2-nM L-glutamine (Invitrogen), 1× 
Sodium pyruvate (Invitrogen), 1× Penicillin and streptomycin (Invitrogen), 
100-μM 2-mercaptoethanol (Sigma), 2-nM Sodium selenite (Sigma), 0.2% 
(v/v) seabass serum, 10-ng/ml basic fibroblast growth factor (bFGF) and 
0.4-embryo/ml Japanese medaka embryo extract, pH 7.8. For primary cell 
culture, ESM2 (Embryonic stem cell medium 2) was prepared from ESM4 
by increasing the concentration of bFGF to 10 ng/ml and Japanese 
medaka embryo extract to 1 embryo/ml. 
To obtain the seabass serum, fish blood was collected from the tail 
vein with a 10-ml syringe pre-soaked in the anti-coagulation solution 
(heparin or EDTA). The collected blood was chilled on ice immediately and 
spun at 4 °C for 30 min at 3,500 g. Then the upper clear supernatant was 
incubated overnight at 4 °C and spun again. The supernatant serum was 
further sterilized by filtration through a 0.2-μm filter, aliquoted into 10-ml 
each and stored at -20 °C until use. 
To obtain the Japanese medaka embryo extract, embryos were 
collected and raised with ERM until 7 dpf. The medium was changed on a 
daily basis and dead embryos were removed to prevent mold 
contamination. The 7-dpf embryos were drained and stored at -20 °C. 
Typically, 10,000 7-dpf embryos were homogenized on ice, frozen and 
thawed with liquid nitrogen and water bath (37 °C) for three rounds. The 
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homogenate was further centrifuged for two rounds to allow for the 
formation of three layers. The upper layer was the lipid layer, the bottom 
was debris and the clear and greenish intermediate phase was Japanese 
medaka embryo extract. This intermediate phase was collected, sterilized 
with filtration, adjusted to 400 embryos/ml, aliquoted and stored at -20 °C 
until use. 
2.6.2 Primary cell culture 
The primary cell culture procedure using tissues from Japanese medaka 
gonads is as described (Hong et al., 2004). Specifically, the XY adult fish 
homozygous for the mutated gsdf allele was anaesthetized on ice, 
sterilized with 70% ethanol and dissected. The gonad was then extracted 
and shredded with scissors in 1× PBS. The gonadal fragments were 
further incubated in 1-ml 0.25% trypsin-EDTA for 4 h on ice, followed by 
30 min at 28 °C until the tissue fragments completely sank down. Trypsin-
EDTA was then removed without disturbing the tissue fragments and 200-
μl ESM2 was added to the tube. The gonadal cells were released by 
pipetting. Dissociated cells were seeded into a well of a gelatin-coated 12-
well plate, cultured in ESM2 and incubated at 28 °C.  
2.6.3 Subculture of MES1 and SG3 cells 
For coating the culture dish and plates with gelatin (Sigma), 0.1% (w/v) 
gelatin solution was autoclaved, filtered with 0.2-μm filter, added into the 
culture plates and incubated for 1 h at room temperature in the biosafety 
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cabinet. The gelatin solution was then aspirated and the plates were air-
dried for over 2 h. For subculture of cells, culture medium was aspirated 
and cells were rinsed with 1× PBS to remove the residual medium and cell 
debris. Cells were then subjected to 0.05% trypsin-EDTA (Life 
technologies) treatment for 3-5 min. Trypsin-EDTA was further gently 
removed and fresh culture medium was added to suspend the cells. The 
cells were then split into new wells, normally at a ratio of 1:3, and fresh 
medium was added to each well. The cells were observed and incubated 
at 28 °C. 
2.6.4 Counting cells 
After trypsination, the cell suspension was dropped into the chamber of a 
hemacytometer (Sigma). Cell counting was performed following the 
manufacturer’s instructions. 
2.6.5 Freezing and thawing of cells 
Following trypsin-EDTA treatment, cells were resuspended in ESM4 and 
mixed with equal volume of pre-warmed 2× freezing medium (35% (v/v) 
FBS, 45% (v/v) DMEM, 20% (v/v) dimethyl sulfoxide (DMSO)). The cell 
suspension was further aliquoted into 2-ml cryogenic tubes (Thermo 
Scientific), chilled on ice for 30 min, and gradually frozen to -80 °C with a 
freezing box containing isopropanol. For long-term storage, these frozen 
cells were transferred to -150 °C freezer the next day. 
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 Cells in cryogenic tubes were thawed in 37 °C water bath for 30-60 
s and spun down briefly. The freezing medium was replaced with fresh 
ESM4 and cells were resuspended. The cell suspension was further 
transferred to the 6-well plate and incubated at 28 °C. The cell thawing 
procedure should be performed as quickly as possible.  
2.6.6 Cell transfection 
Cell transfection was performed with TransIT-X2 Dynamic Delivery 
System (Mirus) strictly according to the manufacturer’s instructions. For 
DNA transfection, the plasmid DNA was purified (A260/A280: 1.8-2.0) and 
the endotoxin was removed. Normally, the cells were passaged 18-24 h 
before transfection to reach a cell density of ~ 80% confluence. Typically 
for one well of the 6-well plate, 2.5-μg DNA, 7.5-μl TransIT-X2 and 250-μl 
DMEM were mixed gently and incubated at room temperature for 15-30 
min to allow for complex formation. The TransIT-X2:DNA complex was 
then added drop-wise and distributed to different areas of the wells. The 
cells were further cultured for 24-72 h without medium changing. 
2.6.7 Flow cytometry 
The transfected cells were harvested, filtered with the falcon tube with cell 
strainer cap (Fisher Scientific) and then subjected to fluorescence-
activated cell sorting (FACS) by Beckman-Coulter Mo-Flo Legacy Cell 
Sorter. The sorted cells (~106) were further cultured in ESM4 at 28 °C and 
ready for downstream analysis. 
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2.7 Microscopy 
Adult fish were observed with stereomicroscope (M205FA, Leica) and 
photographed with the Evolution VF digital camera (MediaCybernetics) 
and digital camera SELP1650 (SONY). FISH slides were observed and 
photographed with the LSM 510 Meta confocal microscope (ZEISS). 
Cultured cells were observed with Axiovert upright microscope (Zeiss) and 
photographed with the AxioCam digital camera (Zeiss). Images were 
processed and green fluorescence-positive particles were counted by 
ImageJ 1.46j (National Institutes of Health, USA). 
2.8 Additional information 
Three-months post fertilization (mpf) adults were used for phenotype 
analyses, gonadal expression pattern analyses, gonadal morphology 
analyses, histological analyses unless otherwise indicated. 
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Chapter III: Results (Part I) 
3.1 gsdf overexpression masculinizes genetic females (separate 
experiment) 
In O. luzonesis, gsdfY, a Y-chromosomal copy of gsdf replaces dmy to 
determine the maleness, and gsdfY overexpression is sufficient to 
masculinize O. latipes (T. Myosho et al., 2012). My collaborator Dr. Guan 
Guijun and I have revealed the autosomal gsdf of Japanese medaka is 
similar to gsdfY in function. Specifically, pGsdf2Agfp expressing the Gsdf 
and GFP from the β-actin promoter was constructed (Fig. 3-1A), and 
microinjected into 174 1-cell Japanese medaka embryos. A total of 108 
adults were obtained, 17 (eight XY; nine XX) of them carried the transgene 
(lanes 1-4, Fig. 3-1B; Table 3-1). Three of the nine transgenic XX adults 
were found to be fertile males in phenotype but XX in genotype as 
evidenced by the absence of dmy (lanes 2-4, Fig. 3-1B). These three XX 
males were mated with normal XX females and resultant F1 progeny were 
examined genetically and phenotypically. A total of 68 transgenic adults 
were obtained in F1 generation from the three founders (48, 14 and six 
respectively). Transgene expression was observed ubiquitously - as 
expected for the promoter used - in developing embryos (Fig. 3-1C and 
Fig. 3-1D) and adult organs such as the heart (Fig. 3-1E) and testis (Fig. 
3-1F). On the gonadal sections immunostained with an anti-GFP antibody, 
a normal XY fish displayed a typical architecture of a mature testis 
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containing many sperm but lacked GFP staining (Fig. 3-1G and Fig. 3-
1G’), whereas a gsdf-transgenic XX fish did show strong GFP staining and 
the absence of detectable female germ cells but the presence of a 
testicular structure and many sperm (Fig. 3-1H and Fig. 3-1H’).  
All the 68 transgenic fish were found invariantly to be male in 
phenotype, based on the easily distinguishable secondary sex 
characteristics between males and females in Japanese medaka as 
described in section 1.2.3. Specifically, the transgenic XX fish displayed 
typical male secondary sex characteristics, since the hindmost rays were 
separated from other rays in the dorsal fin and the anal fin was 
parallelogram-shaped (Fig. 3-1I). Thus gsdf resembles the Y-
chromosomal gsdfY and is able to cause full masculinization of genetic 
females at gonadal, gamete and organismal levels. 
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XY♂ XX♀ XY♂ XX♀ XX♂ 
Fertile Sterile 
37 54 8 4 3 2 
F1 
(XX♂ x XX♀) 
Founders Progeny n 
TG- TG+ 
XX♀ XX♂ 
1 131 83 48 
2 60 46 14 
3 28 22 6 
 Total 219 151 68  
1TG+, with gsdf transgene; TG-, without gsdf transgene; Sex-reversed fish 
are highlighted in red.  
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Fig. 3-1. Ectopic gsdf expression masculinizes genetic females. (A) 
Map of pGsdf2Agfp. The 2.5-kb β-actin promoter, gsdf, gfp and self-
cleavage sequence 2A as well as flanking restriction sites are indicated. 
(B) Genotype and phenotype of F0 adults. (C-F) Transgenic GFP 
expression in F1 embryos at 1 dpf (C) or 4 dpf (D), adult heart (E) and 
testis (F). (G-H) Cross sections of adult gonads immunostained with an 
anti-GFP antibody, showing testicular structure and presence of many 
sperm of a wildtype XY gonad (G) and a XX gonad transgenic for 
pGsdf2Agfp. (G’-H’) Larger magnification of areas framed in (G) and (H), 
highlighting the absence in (G’) and presence in (H’) of GFP (arrows). sm, 
sperm. Scale bar, 50 μm. (I) Male phenotype of gsdf2Agfp-transgenic XX 
fish, showing a parallelogram-shaped anal fin, the separation (arrow) of 
hind-most dorsal fin rays and a smaller abdomen. Scale bar, 0.5 cm. 
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Here my collaborator and I have demonstrated the sufficiency of gsdf to 
induce the maleness of genetic females in the absence of the master sex 
determining gene dmy. However, the necessity of gsdf for Japanese 
medaka testicular differentiation and its relationship with dmy remain to be 
determined. 
3.2 Direct gsdf disruption by ZFNs in Japanese medaka 
3.2.1 Establishment of GD systems and procedures 
3.2.1.1 Experimental design 
The target site for the designed zinc finger nucleases (ZFN) pair was 
located within the first exon and spanned codon 19-28 immediately 
downstream the signal peptide. It was composed of two DNA recognition 
sites and a 6-bp spacer between them (Fig. 3-2). The designed ZFNs 
could specifically target the gsdf gene, as a blast search against the 
Japanese medaka genome 
(http://www.ensembl.org/Oryzias_latipes/Info/Index) revealed that this 
target sequence existed only once and was unique to the gsdf locus.  
Upon binding to the target site, the designed ZFN dimer could 
generate the double strand break right at or around the spacer region to 
stimulate the error-prone non-homologous end joining (NHEJ) repair 
system, leading to random insertions or deletions of base pairs at the 
targeted locus. In most cases, these indel mutations could generate loss-
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of-function alleles due to frameshift mutations or premature truncation of 
translation, known as gene disruption (GD). To induce direct GD, the 
designed ZFN was introduced into early Japanese medaka embryos via 
microinjection in its mRNA form. 
 
Fig. 3-2. Gene structure and ZFN target site. (A) The cDNA from the 
wildtype gsdf allele with 651 nucleotides. Authentic start and stop codons, 
underlined. (B) The wildtype gsdf protein with 216 amino acids. Signal 
peptide, bold. (C) ZFN target site. The ZFN target site is located within the 
first exon of the wildtype gsdf gene locus and consists of two DNA 
recognition sites and a spacer. One ZFN arm has four zinc fingers (Z1-Z4) 
and the other three (Z1-Z3), with each zinc finger recognizing three 
nucleotides. Amino acids and their positions are shown above the coding 
triplets. ZFNs generate a double-strand DNA break at the target locus 
(dot) to stimulate the DNA repair with random nucleotide alterations within 
or near the target site (asterisk) in the mutant allele. Arrowheads indicate 
the positions and extension directions of the genotyping PCR primer set. 
Filled box, translated exon; Open box, untranslated region; Line between 




Z1 Z2 Z3 Z4 
Z1 Z2 Z3 AlaPheValLeu 








1        ATGTCTTTGGCACTCATTGTCTTGTTAATGCTTCTTGGCTCTTCAATGGTTATTGCCTTTGTCCTGCATCCGTCAAGGGA!
81       AGAGCCTGCAGCCTCTCCTGCATCTACTGTTTCCCACCACAGGTGTCAGGATGAGTCATTGCAGTCCTTCAGGAAGAGTC!
161      TCCTTGAAGCTCTCAGCCTGCAGACGGAGCCACGCCTGCCAGCTGGCGGGCTGGACACTATTCGAGAGCAGTGGCAGAGA!
241      ACCTTCAATGCCGCCATGGGTGTCACGGACACTACAGCTCCAGTGCTCTCCAGCTCCTCTGTGTCATGCGACAGTGAAAA!
321      TGATACCAGCCTGAAGTGCTGCTCCATGGCCACCGAGGTCTTCATGAAAGATCTGGGCTGGGACAATTGGGTGATCTATC!
401      CTCTGAGCCTGATCATTGACCGGTGTGCTCTCTGCAATTCCTCGGATCAAATAGCGCAGTGTCCGGCAGCCCATGATGGA!
481      GTCCAGATCAGAGGCTCACAGGACCAGGCGAGCTGCTGCAAGCCCACCTCCCTTGAAATAGTACCCATCGTCTTCATGGA!
561      TGAAACCAGCACCATTGTCATCTCCTCGGTGCAGCTAGCTCGCGGCTGCGGCTGTGGACCAGGCAGCGCCCAGCAGCCCT!
641      GCAAAAAGTAG!
1        MSLALIVLLMLLGSSMVIAFVLHPSREEPAASPASTVSHHRCQDESLQSFRKSLLEALSLQTEPRLPAGGLDTIREQWQR!
81       TFNAAMGVTDTTAPVLSSSSVSCDSENDTSLKCCSMATEVFMKDLGWDNWVIYPLSLIIDRCALCNSSDQIAQCPAAHDG!
161      VQIRGSQDQASCCKPTSLEIVPIVFMDETSTIVISSVQLARGCGCGPGSAQQPCKK*!
C 
GCCTTTGTCCTGCATCCGTCAAGGGAAG CGGAAACAGGACGTAGGCAGTTCCCTTG 
1#40! 41#92! 93#123!124#167! 168#216!
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3.2.1.2 Mutation detection system 
Genotyping for GD events was a challenging task since indel mutations 
generated by engineered endonucleases usually involved rare and subtle 
changes at or around the target site. Therefore efficient mutation detection 
systems were prerequisites for producing gene knockout animals. Here a 
332-bp gsdf fragment encompassing the ZFN target site (Fig. 3-1C) was 
chosen for genotype analysis. Typically, samples containing the desired 
mutation carried wildtype as well as the altered alleles, resulting in the 
presence of homoduplexes and heteroduplexes in their PCR products due 
to the repeated denaturing and re-annealing processes. The 
heteroduplexes have thus become an unambiguous indicator of GD 
events as described in section 2.2.2 (Fig. 2-1). Based on this feature, two 
mutation detection procedures were established. 
3.2.1.2.1 TAGE (T7 endonuclease 1 digestion and agarose gel 
electrophoresis) 
In TAGE, the mismatched site of heteroduplexes was cleaved by T7E1, 
resulting in distinct bands on the agarose gel. This mutation detection 
system initially served as the major method for genotyping fish or fry 
samples of F0 generation, i. e. samples directly from injected embryos 
(Fig. 3-3A). Samples (#23, #25 and #52) carrying mutated alleles 
demonstrated faint bands below the major 332-bp wildtype gsdf band and 
thereby became distinguishable from the samples containing only wildtype 
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homoduplexes (free from T7E1 digestion). However, TAGE was 
apparently not an ideal detection system as the bands indicative of 
heteroduplexes were too faint to be differentiated from the undigested 
samples.  
 
Fig. 3-3. Genotyping of F0 adults by TAGE and PAGE. (A) Genotyping 
by TAGE. Two representative parts of the TAGE screening among F0 
adults. Asterisk, the faint band indicating heteroduplexes. -, before T7 
endonuclease 1 (T7E1) digestion; +, after T7E1 digestion. (B) Genotyping 
by PAGE. A major band of 332 bp for the wildtype gsdf fragment is clearly 
visible. Multiple heteroduplex bands indicative of GD events are clearly 
seen on PAGE (framed). ctrl, control fry from an non-injected embryo; 1~7, 
representative fry from embryos injected with 40 ng/μl of ZFN mRNA; neg, 
negative PCR control without template DNA. Sizes in bp are given to the 
left.  
 
  83 
3.2.1.2.2 PAGE (Polyacrylamide gel electrophoresis) 
For efficient mutation detection, a native PAGE detection system was 
developed (in collaboration with Chen Jianbin). In PAGE, heteroduplex 
DNA was differentiated from homoduplexes by its retarded mobility on 
native polyacrylamide gels. This genotyping approach was first tested on a 
group of fry samples from embryos injected with 40 ng/μl of ZFN mRNA. 
As expected, the heteroduplexes, indicative of successful GD were easily 
identified as multiple distinct bands on top of homoduplex bands 
containing mostly wildtype alleles (Fig. 3-3B). The seven sample fry 
demonstrated different patterns and intensities of heteroduplex bands, 
suggesting the varied abundance and types of mutant alleles among F0 
individuals. This newly developed technique has thus proved its ability in 
detecting rare and subtle allelic alterations. 
PAGE features high sensitivity 
My collaborator and I further evaluated the detection sensitivity of PAGE 
versus TAGE with a bi-allelic model system, which involved the 321-bp 
WT (wildtype) allele and the 303-bp D18 (18-bp deletion) allele from 
Japanese medaka nanog gene (GenBank: FJ436046.1). This gene was 
an important pluripotency gene and regulated proliferation during early fish 
development (Camp et al., 2009). Two linearized plasmids, carrying the 
WT and D18 allele respectively, were mixed with a series of ratios (D18 
was 2-256 times diluted by WT). The mixtures further served as templates 
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for the amplification of the two alleles and PCR products were subjected to 
TAGE and PAGE analyses (Fig. 3-4). Resulting PCR products were 
composed of WT-D18, wt-d18 heteroduplexes, WT-wt and D18-d18 
homoduplexes (Fig. 3-4A). The D18-d18 homoduplexes were hardly 
differentiated from WT-wt homoduplexes with any dilution factors more 
than 2 in both PAGE and TAGE (Fig. 3-4A and Fig. 3-4B). On the other 
hand, two systems could both identify heteroduplexes but with different 
detection sensitivity. In TAGE, the D18 alleles remained detectable at a 
dilution factor of 16 (Fig. 3-4B); while In PAGE, the detection limit of the 
D18 dilution factor was 256 and two distinct heteroduplex bands, 
representing WT-D18 and wt-d18, were clearly exhibited (Fig. 3-4C). This 
result revealed that PAGE detection was 16-fold more sensitive than 
TAGE. 
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Fig. 3-4. PAGE features high sensitivity (adapted from (Chen et al., 
2012)). Two plasmids were mixed at a series of ratios (dilution factors of 
D18 indicated) and served as PCR templates. (A) The PCR products are 
composed of two kinds of heteroduplexes (HT) and two kinds of 
homoduplexes (Hm). WT-wt and D18-d18 are uppercase-lowercase pairs 
representing complementary strands of DNA. D18, 18-bp deletion. (B) 
Detection by TAGE. The D18 allele is only detectable when the dilution 
factor is less than 16. (C) Detection by PAGE. The D18 allele is detectable 
when the dilution factor is less than 256. Sizes in base pairs are indicated 
to the left. A pair of arrowheads, two bands showing WT and D18 alleles; 
Asterisks, heteroduplexes. Hm, homoduplex; HT, heteroduplex; T7, T7 
endonuclease 1. 
 
PAGE enables quantification of alleles 
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As previously demonstrated in Fig. 3-3B, multiple mutated alleles in a 
single F0 sample can be visualized by PAGE. Based on the number of 
heteroduplex bands, the feasibility of quantifying the allele number of each 
sample was tested. Five different gsdf alleles, WT, A18, D7, D6 and D1 
with varied sequences in the first exon (Fig. 3-5A), were generated by 
ZFNs described above (Fig. 3-2C). These alleles were cloned into vectors, 
mixed at different ratios and further served as templates for genotype 
analyses by PAGE. Typically, a single allele produced one PCR product 
and was thus shown as a single band on the polyacrylamide gel (Lanes 1-
5, Fig. 3-5B). Two alleles resulted in four kinds of PCR products shown as 
four bands on the gel (Lanes 7, 9 and 11, Fig. 3-5B) and three alleles 
formed nine PCR products, giving rise to six to eight distinct bands on the 
gel depending on the distance between and intensity of different bands 
(Lanes 8 and 10, Fig. 3-5B). Therefore the total number of bands could be 
calculated as the square of the number of alleles and the number of 
homoduplex PCR products (Fig. 3-5C, underlined) was the same as the 
number of alleles. Here we were focusing on the number of heteroduplex 
bands (B) as they were more distinctly separated. If N was the number of 
different alleles, then B=N2-N (Equation (1), Fig. 3-5D). Therefore the 
number of different alleles could be calculated by the number of 
heteroduplex bands based on Equation (2) (Fig. 3-5D), which was further 
simplified with a ceiling function (Equation (3), Fig. 3-5D). Notably, not all 
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PCR products were visible on the gel, depending on the relative 
abundance of each allele (Fig. 3-5C, color gradient). Thus the number of 
alleles calculated from Equation (3) referred to the minimal number of 
alleles in a sample. 
PAGE enables enrichment of rare alleles 
Unlike other detection systems, PAGE preserved the intactness of the 
PCR products and my collaborator and I asked the possibility of enriching 
rare alleles by recovering the heteroduplex DNA as templates for 
subsequent PCR analysis. This procedure was named as gel recovery 
and subsequent PCR, or grsPCR. Since gel recovery of heteroduplex 
bands has removed wildtype homoduplexes in the first round PCR 
product, the PCR template of the subsequent rounds contained much 
fewer wildtype alleles, the rare mutant alleles were thus enriched. The 
DNA mixture containing four alleles with indicated ratios (lane 12, Fig. 3-
5B) was used for evaluating the enrichment power of grsPCR (Fig. 3-6A). 
The abundance and intensity of heteroduplex bands over homoduplex 
bands in each PCR round were measured by Gel-Pro analyzer 
(MediaCybernetics). The intensity of wildtype alleles decreased from 62% 
in the first PCR round to 36% in the second round and finally to 26.3% in 
the third round, while intensities of rare alleles increased after grsPCR 
(Fig. 3-6B). Further cloning and sequencing analysis for the PCR products 
from each round also demonstrated the enrichment of rare mutant alleles 
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(Fig. 3-6C). Taken together, the grsPCR procedure in the PAGE detection 
system allowed for the enrichment of rarely existed alleles and significantly 
reduced the workload of genotyping for potential founders in the F0 
generation. 
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Fig. 3-5. PAGE enables quantification of multiple alleles (adapted 
from (Chen et al., 2012)). (A) Sequence variations among 5 gsdf alleles. 
The spacer region is highlighted in bold. (B) PAGE profile of various allelic 
compositions. The allelic composition is shown above each lane. 
Asterisks, heteroduplexes; Dashed lines, the same heteroduplexes in 
different lanes. (C) Relationship between the number of alleles and total 
number of PCR products, further demonstrated as different bands on the 
polyacrylamide gel. The band intensity is correlated with the concentration 
of each DNA strand (colored background). Capital and lowercase letters, 
two DNA strands; Underlined, homoduplexes; Hm, homoduplex; Ht, 
heteroduplex. (D) Equations showing the correlation between the number 














Fig. 3-6. Enrichment of rare alleles by PAGE (adapted from (Chen et 
al., 2012)). (A) PAGE profiles of three rounds of PCR. The DNA mixture 
used as the PCR template is shown in lane 12 of Fig. 3-5B. Dashed 
frames, heteroduplex bands for gel-recovery. The number of PCR rounds 
is indicated at the bottom. (B) Relative band intensity of different alleles in 
each round of PCR. Round 0, the initial proportion of each allele. (C) Table 
showing the number and percentage of clones carrying each allele from 
PCR products of each round.  
 
 
PAGE allows for homozygotes detection 
Once the gsdf-disrupted allele was transmitted to the progeny, 
heterozygous (gsdf +/-) F1 fish would carry two kinds of alleles, one 
wildtype and one mutant, shown as two distinct heteroduplex bands on top 
of homoduplex bands (Top, Fig. 3-7A). After inbreeding, both gsdf +/- and 
homozygous (gsdf -/-) fish were obtained. However, the wildtype (gsdf +/+) 
and gsdf -/- fish were barely distinguished on the PAGE gel due to the 
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absence of heteroduplexes in their PCR products. To further differentiate 
gsdf +/+ and gsdf -/- samples, these samples were mixed with wildtype 
alleles and subjected to one round of denaturing and re-annealing 
process. During this process, the mutant alleles in gsdf -/- samples would 
hybridize with wildtype alleles to form heteroduplexes. Therefore, gsdf -/- 
samples showed heteroduplex bands on the second polyacrylamide gel, 
while gsdf +/+  samples remained showing merely homoduplexes (Bottom, 
Fig. 3-7A).  
Taken together, the newly developed PAGE detection system is a 
sensitive and convenient approach for genotyping both gsdf +/- and gsdf -/- 
samples. 
3.2.1.2.3 Fragment analysis 
Once a GD family carrying a known gsdf-mutated allele was established, 
further high-throughput genotyping work within this family was performed 
with Gene Mapper fragment analysis by determining the length of the PCR 
products (Fig. 3-7B). For example, the PCR product from wildtype samples 
was 332-bp long (Top, Fig. 3-7B), while due to a 4-bp insertion in the 
target site, the gsdf -/- sample was 336-bp in length (Bottom, Fig. 3-7B). 
Meanwhile, the gsdf +/- sample contained both the two kinds of alleles 
(Middle, Fig. 3-7B). This method allowed for large-scale genotyping for 
both gsdf +/- and gsdf -/- samples within one gsdf-disrupted family. 
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Fig. 3-7. Germline transmission and progeny genotyping. (A) PAGE 
for detecting homozygotes. In heterozygous gsdf +/- samples (green), 
distinct heteroduplex bands (asterisk) are shown on top of the homoduplex 
bands (Top). After being denatured and re-annealed with wildtype (WT) 
alleles, the hybridized PCR products are visualized on the second PAGE 
gel (Bottom). The homozygous gsdf -/- samples (red) are distinguished 
from the wildtype sample (blue). (B) Fragment analysis. Large-scale 
genotyping is performed with Gene Mapper fragment analysis. The length 
of the PCR products is determined by Gene Mapper fragment analysis. 
The wildtype sample has a peak at 332 bp (Top) and gsdf -/- sample has a 
peak at 336 bp (Bottom). Both peaks are obviously shown in the gsdf +/- 
sample (Middle).  
 
3.2.2 Optimization of parameters 
The ZFN approach has proven its ability for mediating direct GD in several 
organisms (Carroll, 2011). Its specificity has also been documented by an 
unbiased genome-wide analysis (Gabriel et al., 2011). However, the 
parameters for conducting efficient GD by ZFNs remained to be 
1 2 3 4 5 WT 
PCR product 
hybridized PCR product 
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elucidated. One of the critical issues for setting up a ZFN experiment was 
the dosage of mRNA injection in the context of survival and efficacy. 
3.2.2.1 Dose-dependent survival 
The effect of various dosages of ZFN mRNAs on the survival rate of 
injected embryos was first examined. To this end, the 1-cell Japanese 
medaka embryos were microinjected with ZFN mRNAs at different doses 
and the survival rate was monitored at the gastrulation, hatching and fry (3 
dph) stages (Table 3-2). The survival rate till fry development was 95% in 
control embryos injected with nuclease-free water, whereas this value 
decreased to 73, 34, 27 and 13% when ZFN mRNAs were injected at a 
dose of 10, 20, 40 and 60 ng/μl (the concentration of each mRNA derived 
from pZFNGsdfLeft-FokI or pZFNGsdfRight-FokI) respectively. Further 
higher injection dose of 80 ng/μl abolished the embryonic development 
until gastrulation and thereby prevented fry production, suggesting that an 
excess amount of ZFN mRNAs had adverse effects on embryogenesis 
and survival. However, injection of ZFN mRNAs at 10~40 ng/μl ensured a 
satisfactory survival rate of fry production. 
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Gastrula Hatching Fry 
0 95 96 95 95 
10 85 92 77 73 
20 167 70 36 34 
40 180 72 33 27 
60 240 35 22 13 
80 271 0.4 0 0 
 
1Table showing the relationship between survival rates of injected 
embryos and various doses of ZFN mRNA. A series of concentrations of 
ZFN mRNA were applied: 10, 20, 40, 60, 80 ng/μl with nuclease-free 
water (0 ng/μl) as the negative control. Survival rates at different stages, 
gastrula, before hatching, fry (3 dph) were recorded. With the increase of 
dosage, survival rate decreased. 
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3.2.2.2 Dose-dependent GD efficiency 
I also examined the effect of ZFN mRNA dosages on the GD efficiency in 
injected embryos. To this end, embryos injected with different doses of 
ZFN mRNAs were raised till fry stage. The hatched fry were sampled in 
group of five and five groups from each dosage were subjected to PCR 
amplification of the target locus. The PCR products were subsequently 
analyzed by PAGE (Fig. 3-8A) and heteroduplexes were further enriched 
by grsPCR procedures (Fig. 3-8B). 
 On the polyacrylamide gel, the control fry sample showed merely 
two homoduplexes due to the polymorphisms of the amplified DNA 
fragment, whereas the ZFN mRNA-injected samples produced 
heteroduplexes on top of homoduplexes (Fig. 3-8A). The number and 
intensity of heteroduplex bands varied with different injection dosages of 
ZFN mRNA (Fig. 3-8A). The variance became more prominent after the 
enrichment of heteroduplexes by grsPCR (0 ng/μl is exempted due to the 
absence of mutated alleles) (Fig. 3-8B). The number and intensity of the 
heteroduplexes had a positive correlation with the concentration of ZFN 
mRNA within a proper range. For example, the relative intensity of the 
heteroduplexes over homoduplexes calculated by the Gel-Pro analyzer 
(MediaCybernetics) was 6.1% at 10 ng/μl and increased to 28.3% and 
57.7% for doses at 20 and 40 ng/μl (Fig. 3-8C). Concurrently, the number 
of heteroduplexes was four, nine and eleven when the injection doses 
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were 10, 20 and 40 ng/μl respectively (Fig. 3-8D). However when the ZFN 
mRNA dosage was raised to 60 ng/μl, the intensity and abundance of 
heteroduplexes did not increase but decreased (Fig. 3-8E). This may 
result from the loss by death of GD positive embryos that received this 
extremely high dose of ZFN mRNAs as the survival rate of embryos 
decreased dramatically as well at this dosage (Table 3-2). Therefore, the 
GD efficiency positively correlated with the dose of ZFN mRNA within an 
appropriate range, which was 10~40 ng/μl in the case of this gsdf-specific 
ZFN mRNA. Taken together, the injection dose of ZFN mRNA should be 
set within a range of 10~40 ng/μl to ensure both a high survival rate and 
high efficiency of gsdf disruption. 
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Fig. 3-8. ZFN mRNA dosage and the GD efficiency. (A-B) PAGE 
detection. 1-cell Japanese medaka embryos were injected with indicated 
doses (above the lanes) of ZFN mRNA and groups of fry (sampled in 5 per 
group) from the injected embryos were analyzed by PAGE. (A) PAGE 
showing the PCR products. Multiple heteroduplex bands indicative of GD 
events are marginally detectable (framed). Sizes in bp are given to the left. 
(B) PAGE showing the PCR products after the grsPCR procedure. 
Heteroduplex products (framed) become much more evident after this 
round of enrichment PCR. neg, negative PCR control without template 
DNA; Hm, homoduplex; Ht, heteroduplex; MT, mutant alleles; WT, 
wildtype allele. (C-D) Quantification of heteroduplex alleles after grsPCR 
enrichment. Tables showing the relative intensity (C) or abundance (D) of 
heteroduplex or homoduplex bands for each lane. Ht, heteroduplex; Hm, 
homoduplex. (E) Curve of dose-dependent GD efficiency. Dashed curve, 
showing dose-dependent intensity (%) of heteroduplex bands; Solid curve, 
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3.2.3 Generation of gsdf-disrupted fish 
3.2.3.1 Mutation screening among F0 individuals 
Based on the established procedures and optimized injection parameters, 
mutation screening was performed among individual fry and adult samples 
from injected embryos (F0). To ensure a high survival rate of embryonic 
development and perhaps also post-hatching growth, a low dose (10 
ng/μl) of ZFN mRNAs was chosen for microinjection into a large quantity 
of 1-cell embryos (n = 420). This resulted in 300 fry, among which a small 
portion were individually sampled and genotyped for determining the GD 
efficiency at this low dosage. Heteroduplex bands were clearly exhibited in 
most of the fry samples, such as #3, #5, #6, #8 and #9 (Fig. 3-9A), 
indicating an injection dosage as low as 10 ng/μl was already sufficient for 
mediating targeted gsdf disruption.  
These fry derived from embryos injected with 10-ng/μl ZFN mRNA, 
further grew into 94 F0 adults. PAGE revealed easily detectable 
heteroduplexes in five fish, namely #23, #25, #38, #41 and #52, and four 
of the five fish were shown in Fig. 3-9B. Therefore injection of ZFN 
mRNAs at a dose of 10 ng/ul has given rise to ~5% efficiency of gsdf 
disruption in adult fish. Interestingly, the four fish exhibited differences in 
the number and intensity of heteroduplex bands. Moreover, three out of 
the four samples, namely #25, #38 and #52, demonstrated many 
heteroduplex bands, suggesting the existence of multiple and independent 
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GD events in these fish (Fig. 3-9B). Fish #38 and #41 were male (Fig. 3-
9C), and three others including #52 were female (Fig. 3-9D). Taken 
together, the designed ZFN pair was effective in generating Japanese 
medaka fry with targeted gsdf disruption and these fry were capable of 
developing into male and female adults. 
 
Fig. 3-9. Genotyping of fry and adults of F0 generation. (A) 
Genotyping F0 fry. Multiple heteroduplex bands indicative of mutant alleles 
are clearly seen on PAGE (framed). +, positive control sample; -, control 
fry from an non-injected embryo; 1~9, representative fry samples from 
embryos injected with 10 ng/μl ZFN mRNA; neg, negative PCR control 
without template DNA. Sizes in bp are given to the left. (B) Genotyping F0 
adults, highlighting the presence of multiple heteroduplex bands (framed) 
diagnostic of GD events in 4 representative animals from embryos injected 
with 10 ng/μl of ZFN mRNAs. marker, kb size markers with 3 bands being 
shown in bp to the left. (C and D) Adult male (C) and female fish (D) from 
ZFN-injected embryos. Injection of ZFN mRNA did not affect the sexual 
phenotype of these F0 adults. Df, dorsal fin; cf, caudal fin; Yellow dashed 














df df cf cf C! D!
F0 fry F0 adults 
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3.2.3.2 Diversity of GD alleles 
Four of the five F0 adults described above, namely #25, #38, #41 and #52, 
were used for identifying mutant gsdf alleles. To this end, the DNA sample 
from caudal fin clips of each fish was subjected to PAGE analysis and 
grsPCR procedures. Subsequently the heteroduplex-enriched PCR 
products were cloned for sequencing. A total of 160 recombinant clones 
were successfully sequenced, leading to the identification of eight different 
GD alleles, which fell into four categories (Fig. 3-10, Table 3-3). The first 
was the simple deletion (D) of a few bps within the target site, such as D1, 
D6 and D7 that have a one-, six- and seven-bp deletion. The second was 
simple addition (A) of a few bps within the target site, like A4 involving a 
four-bp insertion. The third was the compound deletion, such as D7A4 
containing a seven-bp deletion and a four-bp addition, with the net 
consequence being a three-bp deletion. The fourth was compound 
addition, where a larger addition was accompanied by a small deletion, 
with the net consequence being an addition of several bps, such as 
A16D3, A21D4 and A22D4, which were 13, 17 and 18 bp longer than the 
wildtype. These results demonstrated the diversity of ZFN-induced GD 
alleles. 
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Fig. 3-10. Sequence of GD alleles. DNA sequences encompassing the 
ZFN-targeted site of four founder fish. D, deletion; A, addition. Spacer 
region is highlighted in bold; Inserted sequences are shown either as 
orange letters or with grey background. 
 
 
Table 3-3. Categories of GD alleles.1 
Fish Plasmid Clones 
Alleles, n (%) (2nd PCR products) 
WT 
MT 
Deletion (D) Addition (A) Irregular cases 
D1 D6 D7 A4 D7A4 A21D4 A22D4 A16D3 













(27.6)   
12 
(20.7)   
#41 20 12 (60.0) 
3 
(15.0)   
5  
(25.0)     
#52 26 17 (65.4)  
8 
(30.8)   
1 
(3.8)    
 
1Table showing the frequency of each mutation type from the four F0 
adults. n, colony numbers. D, deletion; A, addition. 
  
… CTTCAATGGTTATTGCCTTTGTCCT----CCGTCAAGGGAAGAGCCTGCAG … 
… CTTCAATGG---TTGCCTTTGTCCTGCATCCGTCAAGGGAAGAGCCTGCAG … 
TTATTGCCTTTGGTTA 
TTGTCCTTTGCCTGTCCTTTGT 
… CTTCAATGGTTATTGCCTTTGTCCTGCATCCGTCAAGGGAAGAGCCTGCAG … 
… CTTCAATGGTTATTGCCTTTGTCCTGCA------AAGGGAAGAGCCTGCAG … 
… CTTCAATGGTTATTGC-TTTGTCCTGCATCCGTCAAGGGAAGAGCCTGCAG … 
… CTTCAATGGTTATTGCCTTTGTCC-------GTCAAGGGAAGAGCCTGCAG … 
… CTTCAATGGTTATTGCCTTTGTCC---CTTTGTCAAGGGAAGAGCCTGCAG … 
























Allele Adult fish 
… CTTCAATGGTTATTGCCTTTGTCCTGCATCCGTCAAGGGAAGAGCCTGCAG … A4 
TCCG 
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3.3.3 ZFN-induced GD events throughout ontogenesis 
Injection of ZFN mRNAs into 1-cell embryos could induce multiple GD 
events in fry and adults, which provoked us to examine the ontogeny of 
ZFN-induced GD events. To this end, embryos were injected again with a 
low dose (10 ng/μl) of ZFN mRNAs and examined in groups of five 
samples each at different stages of development. Heteroduplexes 
containing GD alleles were detectable from one dpf onwards (Fig. 3-11A). 
More specifically, a closer inspection revealed that the intensity and 
number of heteroduplex bands increased as embryogenesis proceeded 
(Fig. 3-11A).  
The analysis was further extended into adulthood. Fish fins, in 
particular the caudal fin, have a high regeneration activity (Katogi et al., 
2004). Based on this feature, the caudal fin of fish #38 was examined by 
PAGE at two different time points, three months and six months post 
hatching during adulthood. As illustrated in Fig. 3-11B, the band pattern 
altered with time. Finally, different organs representative of the three germ 
layers from fish #38 and #52 were dissected and analyzed by PAGE. All 
organs of both fish had mutant alleles with the presence of heteroduplexes 
(Fig. 3-11C). More importantly, the majority of organs examined, including 
those sharing the same developmental origin such as the gut and liver, 
exhibited heterogeneous band patterns (Fig. 3-11C). On the other hand, 
organs of different germ layers could share a similar band pattern, as was 
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the case between the fin and gonad or between the gill and gut in fish #52. 
Cloning and sequencing validated the presence of different GD alleles in 
the seven tissues or organs of fish #38 (Table 3-4, Fig. 3-11D). The 
heterogeneity of mutant alleles suggested multiple and independent GD 
events in the ontogeny of Japanese medaka. Since germ layers are 
formed during gastrulation and organogenesis takes place late (2~3 dpf) in 
development, ZFN-induced GD must commence early in development and 
occur repeatedly throughout embryogenesis. 
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Fig. 3-11. Development of ZFN-induced GD events. (A) PAGE profiles 
of samples at different stages (1, 3 and 5 dpf) of embryonic development. 
Groups of 5 embryos injected with 10 ng/μl were analyzed at each stage 
before (left panel) and after grsPCR (right panel). (B) PAGE profiles of 
caudal fin samples from two stages of post-hatching development of fish 
#38. #38-1 and #38-2 each represents one time point, 3 months post 
hatching and 6 months post hatching respectively. (C) PAGE profiles of 
adult organs. Fish #38 (top panel) and #52 (bottom panel) were used for 
DNA isolation from organs indicated above lanes and subjected to PAGE 
analyses. Hm, homoduplex; Ht, heteroduplex. (D) Sequence of GD alleles 
from different organs of #38. 










1 3 5 
Days post fertilization 
1 3 5 
Days post fertilization B!
#38-1     #38-2 marker 
… CTTCAATGGTTATTGCCTTTGTCCTGCATCCGTCAAGGGAAGAGCCTGCAG …  WT 
… CTTCAATGGTTATTGCCTTTGTCC-------GTCAAGGGAAGAGCCTGCAG …  D7   Fin,Muscle,Testis 
… CTTCAATGGTTATTGCCTTTGTCCTGCATCC---AAGGGAAGAGCCTGCAG …  D3   Fin,Liver 
… CTTCAATGGTTATTGCCTTTGTCCTGCAT-------GGGAAGAGCCTGCAG …  D7   Gut 
… CTTCAATGGTTATTGCCTT--------------CAAGGGAAGAGCCTGCAG …  D14  Gut 
… CTTCAATGGTTATTGCTCAGCAGGCTCAATGGT-TA---TTGAGCCTGCAG … A25D4 Fin,Gill 
… CTTCAATGGTTATTGCCTT---CGANGNAAN-----------AGCCTGCAG … D23A9 Gut 
D!
  105 
 
Table 3-4. GD alleles from organs of #38.1 
Organs MT WT Total 
Fin 5 3 8 
Ectoderm Brain 0 4 4 Gill 3 2 5 
Endoderm Gut 3 4 7 Liver 1 3 4 
Mesoderm Muscle 1 2 3 Spleen 0 2 2 
Gonad Testis 3 4 7 
Total 16(40%) 24(60%) 40 
 
1Table showing the numbers of mutant (MT) and wildtype (WT) clones 
from organs of #38.  
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3.3.4 Germline transmission 
The five adults described above were examined for germline transmission 
of mutated alleles by progeny test. After crossing with control partners of 
wildtype Hd-rR, two of them, male fish #38 and #41, have passed their 
gsdf-disrupted alleles to the germline. The other three female fish were not 
informative because the population of their progeny (11~24) was not big 
enough.  
A total of 80 progeny adults from #41 were genotyped by PAGE, 
five of which carried a GD allele as they formed distinct heteroduplex 
bands (Fig. 3-12A), producing a germline transmission rate of 6% till 
adulthood. A closer inspection revealed that all the F1 adults exhibited two 
heteroduplex bands of a similar pattern (Fig. 3-12A), suggesting the 
germline transmission of one and the same mutant allele (Equation 1-3, 
Fig. 3-5D). Cloning and sequencing validated this observation and all of 
them carried the GD allele with a 4-bp insertion within the spacer region 
(Fig. 3-12B). Interestingly, this mutant allele was also present in the fin clip 
and testis of the founder #41, strongly suggesting that this GD event could 
occur early in development before the separation of soma and germline.  
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Fig. 3-12. Germline transmission of mutated gsdf alleles. (A) PAGE 
profile of F1 progeny of founder #41. ctrl, control fry from a non-injected 
embryo; 1~8, representative F1 fry from #41; Arrows depict 
heteroduplexes between wildtype and mutant alleles. Progeny carrying the 
mutant allele were highlighted in green. (B) Allelic sequences. The 
wildtype allele is shown at the top. The GD allele of #41 has a 4-bp 
insertion (A4), which is seen in the tail, testis of #41 and all its F1 progeny. 
The GD allele of #38 has a 7-bp deletion (D7), which is also detected in 
the tail, testis of #38 and all its F1 progeny. Altered nucleotides, red. 
 
Another male founder #38 produced 46 progeny fry and seven of 
which carried a 7-bp deletion GD allele (Fig. 3-12B), leading to a germline 
transmission rate of 15% till fry development. Similar with #41, this 7-bp 
deletion allele was also present in the fin clip and testis of the founder #38 
(Fig. 3-12B). 
As a summary, the procedures and parameters for inducing 





 WT– tail fin 
 D7 – tail fin 
 D7 – testis 




F1 progeny of founder #41 





 WT– tail fin 
 A4 – tail fin 
 A4 – testis 
 A4 – progeny 
#41 
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mRNA injection were established. Efficient mutation detection systems 
were developed and the optimal dosages for ZFN mRNA microinjection 
were revealed. Interestingly, such ZFN-mediated GD events occurred 
efficiently during embryogenesis and in the primordium that ultimately 
gave rise to somatic organs and gonads of both sexes. Most importantly, 
GD founders capable of transmitting the mutated gsdf alleles to their 
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Chapter IV: Results (Part II) − gsdf disruption leads to the 
feminization of genetic males 
4.1 Establishment of gsdf-disrupted family 
To determine the gsdf loss-of-function phenotype, the male founder #41, 
capable of transmitting a gsdf-disrupted allele to the germline (Fig. 3-12), 
was chosen to produce a mutant family. This allele contained a 4-bp 
insertion right within the spacer region and thus predicted a null mutant 
(Fig. 4-1). Upon crossing with wildtype females, this fish produced 80 F1 
adults, of which five had the null gsdf allele and developed into XX 
females (n = 3) and XY males (n = 2). Intercrossing between F1 
heterozygotes (gsdf +/-) gave rise to 120 F2 adults and a typical Mendelian 
segregation of wildtype (n = 35; gsdf +/+), heterozygotes (n = 62) and 
homozygotes (n = 23; gsdf -/-) (Table 4-1). The gsdf +/- F2 fish were 
selected to produce the progeny and the Mendelian segregation also 
occurred in the resultant F3 generation, where 38 gsdf +/+ fish, 129 gsdf +/- 
fish and 56 gsdf -/- fish were obtained (Table 4-1). This Mendelian 
segregation in both F2 and F3 generations suggested that gsdf is 
dispensable for survival.  
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Fig. 4-1. Mutated gsdf cDNA and protein sequence. (A) The cDNA 
from the disrupted mutant (MT) gsdf allele, highlighting the 4-nt insertion 
(blue). The authentic start and stop codons, underlined; A new stop codon 
resulted from the frameshift mutation, red, bold. (B) The predicted MT 
protein with the signal peptide in bold, and irrelevant amino acids from the 
truncated translation shown in blue. 
  
1        MSLALIVLLMLLGSSMVIAFVLHPSVKGRACSLSCIYCFPPQVSG*!
1        ATGTCTTTGGCACTCATTGTCTTGTTAATGCTTCTTGGCTCTTCAATGGTTATTGCCTTTGTCCTGCATCCGTCCGTCAA!
81       GGGAAGAGCCTGCAGCCTCTCCTGCATCTACTGTTTCCCACCACAGGTGTCAGGATGAGTCATTGCAGTCCTTCAGGAAG!
161      AGTCTCCTTGAAGCTCTCAGCCTGCAGACGGAGCCACGCCTGCCAGCTGGCGGGCTGGACACTATTCGAGAGCAGTGGCA!
241      GAGAACCTTCAATGCCGCCATGGGTGTCACGGACACTACAGCTCCAGTGCTCTCCAGCTCCTCTGTGTCATGCGACAGTG!
321      AAAATGATACCAGCCTGAAGTGCTGCTCCATGGCCACCGAGGTCTTCATGAAAGATCTGGGCTGGGACAATTGGGTGATC!
401      TATCCTCTGAGCCTGATCATTGACCGGTGTGCTCTCTGCAATTCCTCGGATCAAATAGCGCAGTGTCCGGCAGCCCATGA!
481      TGGAGTCCAGATCAGAGGCTCACAGGACCAGGCGAGCTGCTGCAAGCCCACCTCCCTTGAAATAGTACCCATCGTCTTCA!
561      TGGATGAAACCAGCACCATTGTCATCTCCTCGGTGCAGCTAGCTCGCGGCTGCGGCTGTGGACCAGGCAGCGCCCAGCAG!
641      CCCTGCAAAAAGTAG!
A 
B 
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Table 4-1. Generation and phenotype of gsdf mutant Japanese 
medaka.1 
 	  	   Fish examined gsdf+/+ n(%) gsdf+/- n(%) gsdf-/-  n(%) XX♀ XY♂ XX♀ XY♂ XX♀ XY♀ 
F1  80 35 (44) 
40 




50% gsdf + 50% gsdf - 
50% gsdf + 25% gsdf +/+ 25% gsdf +/- 
50% gsdf - 25% gsdf +/- 25% gsdf -/- 
 
  gsdf
+/+  gsdf+/- gsdf-/- 
XX♀ XY♂ XX♀ XY♂ XX♀ XY♀ 
Putative percentage (%) 12.5 12.5 25.0 25.0 12.5 12.5 
 	  	   Fish examined gsdf+/+ n(%) gsdf+/- n(%) gsdf-/-  n(%) XX♀ XY♂ XX♀ XY♂ XX♀ XY♀ 
F2  
(gsdf +/- X 
gsdf +/-) 
120 19 (16) 16 (13) 25 (21) 37 (31) 10 (8) 13 (11) 
F3 
(gsdf +/- X 
gsdf +/-)  
223 18 (8) 20 (9) 49 (22) 80 (35) 19 (9) 37 (17) 
Total 343 
37 
(11) 36 (10) 74 (22) 
117 
(34) 29 (8) 50 (15) 




1Sex-reversed fish are highlighted in red.  
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4.2 Sexual phenotype of adults 
4.2.1 Secondary sex characteristics 
In Japanese medaka, the secondary sex characteristics are easily 
distinguishable between male and female adults (Kinoshita et al., 2009). 
Specifically, the hindmost rays are separated from other rays in the dorsal 
fin of males but linked together in females, and the anal fin is 
parallelogram-shaped in males but triangular-shaped in females (Fig. 4-2A 
and Fig. 4-2B). All heterozygotes developed as female (n = 77) or male (n 
= 119) strictly according to their genetic sex (Table 4-1, Fig. 4-2C and Fig. 
4-2D). Notably, all the 79 gsdf -/- adults including 50 fish of XY 
chromosomal constitution were found to be female, with their abdominal 
regions being even more feminized as evidenced by a dramatic 
enlargement (Table 4-1, Fig. 4-2E and Fig. 4-2F). More importantly, some 
gsdf -/- XY fish were capable of mating with male adults and laying normal 
fertilized eggs. These findings convincingly revealed that gsdf disruption 
has caused 100% feminization of genetic XY males at the organismal and 
gamete levels.  
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Fig. 4-2. Sexual phenotype of Japanese medaka adults. (A) Wildtype 
XX female, showing a triangular-shaped anal fin, connected dorsal fin rays 
and a large abdomen. (B) Wildtype XY male, showing a parallelogram-
shaped anal fin, the separation (arrow) of hind-most dorsal fin rays and a 
smaller abdomen. (C) Female phenotype of gsdf +/- XX fish. (D) Male 
phenotype of gsdf +/- XY fish. Arrow depicts the separation of hind-most 
dorsal fin rays. (E) Female phenotype of gsdf -/- XX fish, showing 
dramatically enlarged abdomen. (F) Female phenotype of gsdf -/- XY fish, 
showing dramatically enlarged abdomen. Scale bar, 0.5 cm. 
 
4.2.2 Fertility record 
All gsdf-mutated fish were mated with wildtype or heterozygous 
counterparts for progeny production. The fertility and fecundity of four-
months post fertilization (mpf) adults were monitored and recorded 
consecutively for ten days. The total number of ovipositions as well as the 
effective number of ovipostions with normal eggs are shown in Table 4-2. 
Each pair in control groups (gsdf +/+ XX with gsdf +/+ XY) laid eggs almost 
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every morning. However, the effective ovipostion number per pair per day 
decreased to 0.2~0.3 in heterozygous mating groups (gsdf +/- crossed with 
gsdf +/+ or gsdf +/-), and became less than 0.2 in homozygous mating 
groups (gsdf -/- crossed with gsdf +/+ or gsdf +/-). Meanwhile the effective 
oviposition rate dropped dramatically from nearly 100% in wildtype mating 
groups to around 60~70% in all pairs containing gsdf mutants, regardless 
of heterozygous or homozygous disruption. The number of eggs produced 
by each mating group is recorded in Table 4-3. The number of eggs per 
oviposition in the control group was around 27, whereas decreased to 
around 12 to 13 in heterozygous mating groups and further dropped to 
around three to five in homozygous mating groups. Therefore gsdf may 
also play an essential role in regulating fertility and fecundity of both 
sexes. 






















gsdf+/+ 10 10 94 93 99 0.93 
gsdf+/- 8 10 35 26 74 0.33 
gsdf-/- 5 10 12 7 58 0.14 
gsdf+/- 
gsdf+/+ 10 10 46 30 65 0.30 
gsdf+/- 13 10 45 29 64 0.22 
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per oviposition ♂ ♀ 
gsdf+/+ 
gsdf+/+ 10 10 93 2517 27.1 
gsdf+/- 8 10 26 320 12.3 
gsdf-/- 5 10 7 25 3.6 
gsdf+/- 
gsdf+/+ 10 10 30 412 13.7 
gsdf+/- 13 10 29 356 12.3 
gsdf-/- 5 10 9 45 5.0 
 
 
4.3 Validation of gsdf disruption 
The successful disruption of gsdf was validated at both RNA and protein 
levels. In this gsdf-disrupted family, the difference between the mutant 
allele (4-bp insertion) and wildtype allele was subtle. Normal PCR primer 
sets would amplify both wildtype and mutant alleles, which were hardly 
differentiated from each other on agarose gels. Identifying null gsdf 
transcripts from mutant gonads has thus become a major obstacle. 
However, due to the reported decay of nonsense transcripts (Frischmeyer 
& Dietz, 1999), I asked whether the null gsdf transcripts had undergone 
degradation in the mutant gonads. To address this issue, gonadal gsdf 
expression levels were examined by RT-PCR (Fig. 4-3A) and quantified by 
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droplet-digital PCR (ddPCR) (Fig. 4-3B). In wildtype fish, the gsdf 
expression level in XY gonads was much higher than XX (Fig. 4-3A), 
which was consistent with the reported preferentially testicular expression 
(Shibata et al., 2010) (Fig. 1-12). Similar to wildtype fish, the gsdf 
expression pattern in gsdf +/- gonads strictly correlated with the genotype 
(Fig. 4-3A). Notably, the predicted null gsdf transcripts were hardly 
detectable in all gsdf -/- samples, including both XY and XX gonads (Fig. 4-
3A). A ddPCR analysis was performed to determine the gonadal 
expression of gsdf in more detail. Compared with widely used real-time 
PCR that estimated the relative abundance in arbitrary unit, ddPCR 
allowed for precise quantification of absolute DNA and RNA amounts by 
counting the copy number (Boettger, Handsaker, Zody, & McCarroll, 2012). 
Here the ddPCR analysis further validated the decay of mutant gsdf 
mRNA in all gsdf -/- gonads (Fig. 4-3B).  
 Targeted gsdf disruption was further validated at protein level with 
an anti-Gsdf monoclonal antibody. This antibody recognized the short 
peptide derived from codon 27-36 of the wildtype gsdf allele, which was 
downstream the ZFN-target site (Fig. 3-2 and Fig. 4-1). Therefore, this 
antibody could not recognize the pre-truncated peptide (Fig. 4-1B) 
expressed by the null gsdf transcript (Fig. 4-1A). The specificity of this 
antibody was first tested on the cell culture derived from the gsdf -/- XY 
gonad. These cells were transfected with pGsdfcherry, expressing the 
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Gsdf-Cherry fusion protein under the regulation of human cytomegalovirus 
promoter, and the successfully transfected cells thus emitted red 
fluorescence (Fig. 4-3C-G’). Immunofluorescence (IF) assay was further 
performed on these transfected cells with the anti-Gsdf antibody labeled 
by GFP. Non-transfected cells did not express normal functional Gsdf 
protein and demonstrated no red or green fluorescence signals (Fig. 4-3C-
G’), suggesting the absence of antibody binding on these cells. On the 
other hand, co-localization of the red and green fluorescence was 
observed in transfected cells, indicating the antibody has specifically 
recognized and bound to the Gsdf protein expressed by the introduced 
plasmid (Fig. 4-3C-G’). The protein-level validation was then extended to 
adult gonads with the same antibody. IF assay on the gonadal sections 
revealed that Gsdf protein was present in somatic cells of wildtype testes 
(Fig. 4-3H) and ovaries (Fig. 4-3I), but absent in the gsdf -/- XY gonad (Fig. 
4-3J).  
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Fig. 4-3. Validation of the null gsdf transcript and truncated protein. 
(A-B) Gonadal gsdf expression level. (A) RT-PCR. β-actin is used as 
loading control. Numbers of PCR cycles are indicated in the parenthesis. 
(B) ddPCR. Values are copy numbers per μl normalized to β-actin (n = 3) 
and presented as means ± s.d. Two segments of the y-axis are drawn with 
different scales. (C-D’) Immunofluorescence assay on cultured cells. Cells 
originated from a gsdf -/- XY gonad were transfected with pGsdfcherry and 
further immunostained with anti-Gsdf antibody. Successfully transfected 
cells emit red fluorescence. Anti-Gsdf antibody is immunostained with 
green fluorescence. Non-transfected cells are cells not showing red 
fluorescence. C-D’ are four different channels of the same field. C, red 
channel; C’, green channel; D, Brightfield; D’, merged channels (red and 
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green). Scale bar, 50 μm. (E-G’) Immunofluorescence assay on cultured 
cells with larger magnification. E and E’, F and F’, G and G’ are three 
different fields. E, F, G, Brightfield; E’, F’, G’, merged channels (red and 
green). Scale bar, 50 μm.  (H-J) Immunofluorescence on gonadal 
sections. Wildtype testis section (H) was immunostained with anti-Gsdf 
(red) antibody. Gonad sections of wildtype ovary (I) and gsdf -/- XY gonad 
(J) were immunostained with anti-Vasa (red) and anti-Gsdf (green) 
antibody. The Gsdf protein is observed in somatic cells surrounding 
spermatogonia (sg), spermatocytes (sc) and sperm (sm) (H), as well as 
somatic cells (arrows) surrounding oocytes of normal XX ovary (I), while 
not detectable in the gsdf -/- XY gonad (J). I, II, III, VII, representing 
developmental stages of oocytes. Scale bar, 50 μm. 
 
4.4 Morphology of adult gonads 
The feminization of gsdf -/- XY fish was further determined at the gonadal 
level. The adult gonads were first dissected and observed (Fig. 4-4). The 
gsdf +/- gonads (Fig. 4-4C, D) were indistinguishable from wildtype 
counterparts (Fig. 4-4A, B) with either testis- or ovary-like morphology 
according to the genetic sex, whereas all gsdf -/- XX or XY gonads were 
ovary-shaped with dramatic increase in sizes (Fig. 4-4E, F). These fish 
were then subjected to gonadosomatic index (GSI) measurement (Fig. 4-
4G). Typically in wildtype adults, the GSI of ovaries was normally around 
3-fold higher than testes. The GSI of gsdf +/- adults was similar to the 
wildtype counterparts. However, gsdf -/- fish of both XX and XY 
chromosome composition, demonstrated significantly higher GSI 
compared to wildtype ovaries.  
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Fig. 4-4. Morphology of adult gonads. (A-F) General morphology of 
adult fish gonads. The wildtype testis appears as long and thin structure 
(A) while the wildtype ovary is round-shaped (B). The gsdf -/- XY gonad (E) 
shows ovarian morphology and both gsdf -/- XY (E) and XX fish (F) have 
larger gonads. Scale bar, 1000 μm. (G) Comparison of gonadosomatic 
indices (GSI). Values are GSI ratios normalized to the wildtype XY 
samples (n = 3) and presented as means ± s.e.m. Student t-test, **, 
P<0.01; ***, P<0.001. 
 
4.5 Gene expression profile in adult gonads 
The expression profile of genes as markers or essential factors for female 
and male development was then examined in adult gonads (Fig. 4-5). 
Genes chosen were two ovarian markers foxl2 (Nakamoto et al., 2006) 
and cyp19a1 (aromatase) (Aya Suzuki et al., 2004) and four testicular 
markers dmy (Matsuda et al., 2002; Nanda et al., 2002), sdgc (Nishimura 
et al., 2014), dmrt1 (Masuyama et al., 2012) and sox9b (Nakamoto et al., 
2005) as introduced in section 1.2.5 and 1.2.6. vasa was used as a germ 
cell marker (Li et al., 2009; Shinomiya et al., 2000).  
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An RT-PCR analysis revealed that the gsdf +/- gonads demonstrated 
higher expression of either ovarian or testicular markers strictly according 
to their genetic sexes. However in the gsdf -/- XY gonad, the expression 
levels of two ovarian markers foxl2 and cyp19a1 were both dramatically 
increased to a level comparable to those in the XX ovary, whereas 
testicular markers dmrt1 and sox9b concurrently showed down-regulated 
expression (Fig. 4-5A). More importantly, the sdgc mRNA was barely 
detectable in the gsdf -/- XY gonad, indicating the absence of 
spermatogonia in gsdf -/- gonads (Fig. 4-5A). Interestingly, dmy was 
significantly up-regulated in the gsdf -/- XY gonad, perhaps due to a 
decreased level of dmrt1 capable of suppressing dmy expression after 
gsdf disruption (Herpin et al., 2010).  
The ddPCR analysis in adult gonads of different genotypes further 
validated the observations by RT-PCR, as the RNA copy number showed 
similar alterations for the ovarian and testicular markers examined (Fig. 4-
5B-E). Specifically, both wildtype ovaries and gsdf -/- XY gonads 
demonstrated significantly higher expression of ovarian markers, foxl2 and 
cyp19a1 compared to wildtype testes (Fig. 4-5B), suggesting that gsdf 
disruption has led to the up-regulation of both ovarian markers. On the 
other hand, expression of testicular markers like sdgc, dmrt1, and sox9b 
were all dramatically down-regulated in the gsdf -/- XY gonad than in the 
wildtype testis (Fig. 4-5C), suggesting that gsdf may directly or indirectly 
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activate or maintain their expression. In accordance with the RT-PCR 
result, dmy transcripts were around three times more abundant in the gsdf 
-/- XY gonad compared to the wildtype XY testis (Fig. 4-5C), indicating that 
gsdf is not necessary for dmy expression. Meanwhile as revealed in the 
RT-PCR, all heterozygotes showed preferential expression of ovarian or 
testicular markers based on the genetic chromosomal composition (Fig. 4-
5D, E). Taken together, gsdf disruption has led to gonadal feminization at 
the molecular level and gsdf may play an important role also in regulating 
gene expression favoring testicular versus ovarian development and 
function. 
  123 
 
Fig. 4-5. Gene expression profile in adult gonads. (A) RT-PCR 
analysis. Genes known to be expressed specifically or preferentially in the 
ovary or testis are shown to the left in blue and red, respectively. vasa and 
β-actin were used as a germ cell marker and a loading control 
respectively. Numbers of PCR cycles are indicated in the parenthesis. (B-
E) ddPCR analyses, showing the relative mRNA levels of ovarian markers 
(B, D) and testicular markers (C, E) from gonad samples of wildtype, gsdf -
/- (B, C) fish and gsdf +/- (D, E) fish. Values are copy numbers per μl 
normalized to β-actin (n = 3) and presented as means ± s.d. Two 
segments of the y-axis are drawn with different scales. Significant 
differences compared to the wildtype testes are shown in asterisks 
(Student t-test, *, P<0.05; **, P<0.01; ***, P<0.001; ns, non-significant).  
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4.6 Double-color fluorescence in situ hybridization (FISH) analyses 
on adult gonads 
The spatial gene expression patterns in adult gonads were then examined 
by double-color fluorescence in situ hybridization (FISH). dmrt1 and foxl2 
were first analyzed. The former is predominantly expressed in Sertoli cells 
and essential for the maintenance of testicular differentiation (Masuyama 
et al., 2012). The latter is expressed mainly in the follicular cells of 
previtellogenic and vitellogenic follicles of the ovary (Nakamoto et al., 
2006). Notably, the dmrt1 riboprobe could also hybridize with dmy 
transcripts due to their high sequence similarity (Kobayashi et al., 2004). 
On gonadal sections, the dmrt1 or dmy transcripts were observed in the 
Sertoli cells surrounding the spermatogonia, spermatocytes and sperm of 
the normal adult XY testis (Fig. 4-6A) while hardly detectable in the normal 
adult XX ovary (Fig. 4-6B). In the adult gsdf -/- XY gonad, traces of the red 
fluorescence signals could be visualized (Fig. 4-6C), possibly indicating 
the existence of dmy mRNA (Fig. 4-5A, C). On the other hand, the foxl2 
mRNA was absent in the normal adult XY testis (Fig. 4-6A) but observed 
in the follicular cells of the normal adult XX ovary and the adult gsdf -/- XY 
gonad (Fig. 4-6B and C). Therefore, the gsdf -/- XY gonad was fully 
comparable to a normal XX ovary in architecture and gene expression. As 
some gsdf -/- XY adults were capable of mating with males to produce 
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progeny (Table 4-2 and Table 4-3), gsdf disruption has caused full 
feminization of a XY gonad into a functional ovary.  
 
Fig. 4-6. Gonadal feminization revealed by dmrt1 and foxl2 
expression. Cryosections of adult gonads were subjected to FISH with 
antisense riboprobes of dmrt1 (red) plus foxl2 (green) and analyzed by 
confocal microscopy. (A) Normal XY testis, showing the expression of 
dmrt1/dmy (red) transcripts in somatic cells surrounding spermatogonia 
(sg), spermatocytes (sc) and sperm (sm) and the lack of foxl2 mRNA. (B) 
Normal XX ovary, showing the lack of dmrt1 transcripts and expression of 
foxl2 transcripts (green) in somatic cells surrounding oocytes of stage I-V. 
(C) The gsdf -/- XY gonad, showing the similarity to the normal XX ovary. I, 
II, III, IV, V, representing the developmental stages of oocytes. Scale bar, 
50 μm. 
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The FISH analysis was then extended into vasa and gsdf. vasa was 
expressed predominantly in the spermatogonia of adult testes (Fig. 4-7A) 
and pre-meiotic oocytes of adult ovaries from normal XX fish and mutant 
gsdf -/- XY fish (Fig. 4-7B and C) (Shinomiya et al., 2000; Yuan et al., 
2014). The gsdf signal peaked in somatic cells surrounding spermatogonia 
and sperm but remained easily detectable in somatic cells surrounding 
spermatocytes of the normal adult testis (Fig. 4-7A); meanwhile gsdf RNA 
was moderately detectable in the somatic cells surrounding developing 
oocytes and those residing in the interstitium of the normal adult ovary 
(Fig. 4-7B), which was in accordance with its reported expression pattern 
(Shibata et al., 2010). Notably, the non-sense gsdf mRNA signal was 
hardly observed in the gsdf -/- XY gonad (Fig. 4-7C), consistent with the 
previous RT-PCR, ddPCR and IF results (Fig. 4-3). These results together 
demonstrated that the mutation by 4-bp insertion has led to gsdf disruption 
at RNA, protein and thus functional levels.  
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Fig. 4-7. Gonadal expression pattern of vasa and gsdf. FISH analysis. 
The gsdf mRNA signal is evident in somatic cells surrounding 
spermatogonia (sg), spermatocytes (sc) and sperm (sm) of the normal XY 
testis (A), somatic cells surrounding (arrows) oocytes of various stages (I-
IV) and residing in the interstitium (asterisk) of the normal XX ovary (B), 
but barely detectable in the gsdf -/- XY gonad (C). I, II, III, IV, representing 
the developmental stages of oocytes. Scale bar, 50 μm. 
 
  128 
In accordance with the secondary sex characteristics and gonadal 
gene expression profiles as previously described, the histological 
composition of gsdf +/- gonads (Fig. 4-8) also resembled their wildtype 
counterparts (Fig. 4-6 and Fig. 4-7). Specifically, the XX gonad was clearly 
aligned with oocytes of various stages accompanied with strong foxl2 
expression (Fig. 4-8A) and weak gsdf expression (Fig. 4-8B); whereas the 
XY gonad featured testicular characteristics with high dmrt1/dmy (Fig. 4-
8C) and gsdf (Fig. 4-8D) expression. 
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Fig. 4-8. Double-color FISH analysis in gsdf +/- gonads. Cryosections of 
adult gonads were subjected for FISH with antisense riboprobes of dmrt1 
plus foxl2, gsdf plus vasa in gsdf +/- XX and XY gonads. vasa is observed 
in the germ cells of both XX and XY gonads. (A-B) gsdf +/- XX ovary, 
showing the lack of dmrt1 (red) transcripts and expression of foxl2 
transcripts (A). Weak gsdf signals are shown in the granulosa cells 
surrounding the oocytes (B). (C-D) gsdf +/- XY testis, showing the 
expression of dmrt1/dmy (red) transcripts in Sertoli cells and the lack of 
foxl2 mRNA (C). Strong gsdf signals are localized in the somatic cells 
surrounding the spermatogonia (sg), spermatocytes (sc) and sperm (sm) 
of the XY testis (D) II, III, IV, representing the developmental stages of 
oocytes. 
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4.7 Feminization via ovarian differentiation 
In order to distinguish whether feminization upon gsdf disruption comes 
from either male-to-female sex reversal after the initiation of testicular 
differentiation or ovarian differentiation in the absence of testicular 
differentiation in genetically male embryos, the initial primary sex of 
differentiating gonads was determined. As mentioned in section 1.2.3, 
sexual dimorphism is easily detectable in embryos just before hatching in 
Japanese medaka, when PGCs in a male gonad are entering into mitotic 
arrest and thus dramatically fewer than in its female counterpart, where 
PGCs continue propagation and enter into meiosis (Satoh & Egami, 1972).  
To visualize PGCs in embryos of various genotypes, a 
heterozygous (gsdf +/-) male was crossed to an Olvasa-gfp transgenic 
female (Vg) (Founders, Fig. 4-9) for the generation of Olvasa-gfp 
transgenic gsdf knockout line (Fig. 4-9). The Vg fish could display green 
fluorescence specifically in germ cells since the vasa-gfp transgene 
expressed GFP under the regulation of the germ cell specific vasa 
promoter. The F2 gsdf +/- and gsdf -/- fish carrying vasa-gfp alleles were 
further mated with each other and embryos with GFP-labeled PGCs were 
raised till Stage 39 (one day before hatching) for PGC observation.  
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Fig. 4-9. Establishment of vasa-gfp transgenic gsdf knockout family. 
One gsdf +/- male was mated with a Vg female, homozygous for transgene 
vasa-gfp that expresses GFP specifically in germ cells (Founders). The F1 
fish, uniformly carrying one vasa-gfp allele, were subjected to mutation 
screening of the gsdf gene. Heterozygotes (gsdf +/-) were selected and 
mated with each other. The resultant embryos (F2) were further screened 
for GFP-labeled PGCs and raised till adults. The F2 adults were again 
genotyped and mutant fish were crossed to produce F3 embryos, which 
were used for germ cell analysis. male fish, black; female fish, orange. 
 
As expected, these F3 embryos had various genotypes as 
determined by genomic PCR genotyping. These embryos displayed two 
major types in terms of PGC number, namely the female type of more 
PGCs and male type of fewer PGCs, as shown in wildtype embryos and 
those of different genotypes (Fig. 4-10 and Fig. 4-11). Indeed, XX gonads 
had a similarly larger PGC number (~100) in normal (n = 8), gsdf +/- (n = 9) 
and gsdf -/- (n = 8) embryos (Fig. 4-10A-C and Fig. 4-11), which was 
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phenotype in adulthood (Fig. 4-2A, C, E). In contrast, XY gonads had a 
similarly smaller PGC number (~30) in normal (n = 6) and gsdf +/- (n = 6) 
embryos (Fig. 4-10D-E and Fig. 4-11), which was in accordance with 
testicular differentiation and a male phenotype in adulthood (Fig. 4-3B, D). 
Importantly, all the gsdf -/- XY gonads examined (n = 10) exhibited ovarian 
differentiation as evidenced by the increased PGC numbers (Fig. 4-10F 
and Fig. 4-11) fully comparable to those in XX gonads. Therefore gsdf was 
an essential factor for mediating the first sexual dimorphism in Japanese 
medaka. Taken together, feminization upon gsdf disruption is not a 
consequence of male-to-female sex reversal but rather results from 
ovarian differentiation instead of testicular differentiation in the initial 
gonadal development stages. 
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Fig. 4-10. PGC abundance at early sexual differentiation. Hatching F3 
embryos (9 dpf) from crosses between gsdf +/- fish and Vg fish bearing 
GFP-labeled germ cells were analyzed by confocal microscopy and then 
genotyped. GFP-positive PGCs (green) are clearly visible in the gonad. 
(A-C) XX gonads, showing similar abundance of PGCs in normal (A), gsdf 
+/- (B) and gsdf -/- (C) embryos. (D-F) XY gonads, highlighting fewer PGCs 
in normal (D) and gsdf +/- embryos (E) than XX embryos (A-C), whereas 
the PGC number in gsdf -/- embryos (F) is comparable to those in XX 
embryos (A-C). Scale bar, 50 μm. 
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Fig. 4-11. PGC abundance in hatching-stage embryos. Hatching F3 
embryos (9 dpf) from crosses between gsdf +/- fish and Vg fish bearing 
GFP-labeled germ cells were analyzed by confocal microscopy and then 
genotyped. The PGC number is recorded for each embryo (~30 in wildtype 
XY and heterozygous XY embryos and ~100 in all XX embryos and 
homozygous XY embryos). Significant difference in PGC abundance is 
observed between wildtype and gsdf -/- XY embryos, Student t-test, ****, 
P<0.0001. These results are presented as the means ± s.e.m of each 
genotype group.  
 
4.8 Gsdf acts downstream of dmy  
The experiments described so far demonstrated that gsdf is essential for 
early testicular differentiation, a role similar to the master sex-determiner 
dmy (Chakraborty, Zhou, Iguchi, & Nagahama, 2011; Matsuda et al., 2002; 
Nanda et al., 2002). This similarity provoked us to investigate whether dmy 
and gsdf had direct or indirect relationship in action. The 7,721-bp gsdf 
upstream sequences were analyzed with the Regulatory Sequence 
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Analysis Tools portal, Rsat (http://rsat. ulb.ac.be/rsat/). Based on the 
reported Dmrt1 binding matrix (Murphy et al., 2007), two putative binding 
sites (site 1 and site 2) of Dmy were present within the 4-kb gsdf upstream 
regulatory region (Fig. 4-12A) and were specifically amplified for 
quantification (Fig. 4-12B). Previously, the target DNA fragments of Dmy 
were enriched by ChIP with the antibody against GFP from the testes of 
Dmy-GFP (also Dmrt1bY-GFP) transgenic fish (Fig. 4-12C) (Herpin et al., 
2010). Both of the two putative binding sites showed approximately 2-fold 
enrichment of binding by Dmy-GFP (Fig. 4-12D), suggesting the in vivo 
binding of Dmy to the gsdf upstream regulatory sequences. 
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Fig. 4-12. Dmy directly binds to the gsdf promoter in vivo. (A) Dmy 
target sites. Shown are the positions and sequences of two putative Dmy 
binding sites within the 4-kb Japanese medaka gsdf promoter as well as 
the transcription start point (+1). Bases in red and blue or grey match the 
most and second most frequent bases or do not match in respective 
positions of the reported matrix. (B) Specificity of PCR-based assay. Ctrl 1, 
actin; Ctrl 2, BSF. (C) Schematic graph showing the process of in vivo 
tissue-ChIP with the Dmy-GFP transgenic fish. (D) Real-time PCR, 
showing PCR products from immunoprecipitated DNA fragments and the 
control sample (immunoprecipitated DNA fragments from ΔDmy::GFP-
transgenic fish (without the DNA binding domain, DM) by the same anti-
GFP antibody). Notably, significant binding by Dmy is clearly seen for both 
binding sites at P<0.01.  
 
An in vitro reporter assay was performed to find out whether dmy 
controls gsdf transcription in the embryonic stem cell line MES1 (Hong et 
al., 1996) and spermatogonial cell line SG3 (Hong et al., 2004) of 
Japanese medaka. Both cell lines were transfected with pDmycherry and 
cells expressing the Dmy-Cherry fusion protein were not different from 
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nontransgenic control cells in phenotype (Fig. 4-13A-B). Transgenic cells 
were isolated by fluorescence-activated cell sorting (FACS) (Fig. 4-13C) 
and analyzed for altered dmy and gsdf RNA expression. Both cell lines 
lacked a detectable level of dmy transcripts (Fig. 4-13D) but a low level of 
gsdf transcripts (Fig. 4-13E). As expected, dmy was expressed at a high 
level in the sorted transgenic cells (Fig. 4-13D), where a nearly 2-fold 
increase in the gsdf mRNA level was also observed (Fig. 4-13E). 
Therefore dmy was capable of positively regulating gsdf expression in the 
cell cultures of Japanese medaka. Taken together, gsdf is a direct target 
of dmy for transcriptional activation and conforms to its genetic hypostasis 
to dmy in action. 
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Fig. 4-13. Dmy positively regulates gsdf expression in Japanese 
medaka cell cultures. (A-B) Morphology of Japanese medaka MES1 (A) 
and SG3 (B) cell line before transfection and 72 hours post transfection of 
pDmycherry. Scale bar, 20 μm. (C) Transfected MES1 and SG3 cells were 
then FACS-analyzed for the red fluorescence signal production. Numbers 
are the percentages of sorted cells expressing dmycherry. A total of ~106 
cells were collected from each group. (D-E) ddPCR analysis of dmy (D) 
and gsdf (E) expression. −, control cells; +, sorted cells positive for 
transgene-expressed Cherry and thus Dmy. A nearly 2-fold increase in 
gsdf RNA is clearly observed in both MES1 and SG3 cell lines by 
transgenic dmy expression (E). dmy expression was presented as relative 
copy numbers per µl of ddPCR templates normalized to β-actin and 
presented as means ± s.e.m from three independent experiments. gsdf 
expression was presented as relative gene expression levels to the 
controls and presented as means ± s.e.m from three independent 
experiments. Student t-test, *, P<0.05; **, P<0.01. 
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Chapter V: General Discussion 
5.1 Sex development and its control in Japanese medaka 
5.1.1 Essential genetic factors 
In this study, I have provided convincing evidence demonstrating that gsdf 
is both necessary and sufficient for Japanese medaka testicular 
differentiation, as its ectopic expression induced masculinization of all 
genetic females and its disruption led to full feminization of 100% genetic 
males. This work and accumulated data have revealed important factors 
controlling Japanese medaka sexual development (Fig. 5-1A).  
 In Japanese medaka, feminization may result from genetic deletion 
of essential genes for maleness, like dmy (Chakraborty et al., 2011; 
Matsuda et al., 2002), dmrt1 (Masuyama et al., 2012), amhr2 (Morinaga et 
al., 2007) or gsdf (Fig. 5-1A). However, the phenotype and mechanism 
underlying genetic feminization differ from one gene to another. For 
example, gsdf and amhrII (Morinaga et al., 2007) are TGF-β superfamily 
members and their gene disruption both lead to the feminization of genetic 
males. However, the feminization event in the hotei mutant (TAC to TGC, 
exon 9 of amhrII) only occurred in 50% of XY homozygotes (amhrII-/-), and 
the other half have developed sperm in their gonads (Morinaga et al., 
2007), which is different from the 100% feminization rate in gsdf -/- XY fish. 
This variation in feminization frequency further suggests that unlike gsdf, 
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the amh/amhrII signaling may not be a component of the major sex 
differentiation pathways in Japanese medaka (Morinaga et al., 2007). 
Importantly, gsdf also differs from dmrt1 regarding the mutant phenotype, 
as dmrt1 loss-of-function leads to male-to-female sex reversal after the 
initiation of testicular differentiation (Masuyama et al., 2012). Specifically, 
the mutant gonads still developed along the testicular pathway before five 
dph, as evidenced by a relatively small germ cell population comparable to 
the normal XY gonad (Masuyama et al., 2012). On the contrary, dmy 
knockdown could abolish the onset of testicular differentiation as the 
mutant XY primodium already featured ovarian characteristics with 
abundant PGCs (Chakraborty et al., 2011), which is similar to the 
phenotype observed in gsdf-knockout embryos (section 4.7).  
On the other hand, overexpression of dmy or gsdf but not dmrt1 is 
capable of masculinizing genetic females (Matsuda et al., 2007), 
demonstrating the sufficiency of dmy and gsdf but not dmrt1 for inducing 
maleness in Japanese medaka (Fig. 5-1A). Taken together, of all the 
essential genes studied so far, only gsdf fully resembles dmy in both 
necessity and sufficiency for Japanese medaka testicular differentiation. 
5.1.2 Dmy is paradoxically dispensable 
Although dmy was established as the male sex determining gene 
(Matsuda et al., 2002; Matsuda et al., 2007) in Japanese medaka and 
expressed at early embryonic stages before the initiation of sexual 
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differentiation (Fig. 5-1B) (Nishimura et al., 2014), it may also be 
paradoxically dispensable for maleness in several cases. As described in 
section 1.2.4.6, Japanese medaka XY embryos could develop into 
functional females after estrogen treatment (T. O. Yamamoto, 1953) with 
the presence of dmy expression (Nanda et al., 2002), and XX embryos 
can develop into functional males after treatment with either androgens 
(T.-O. Yamamoto, 1968; T. O. Yamamoto, 1958) or high temperature 
(Hayashi et al., 2010) in the absence of dmy (Fig. 5-1A). Therefore dmy 
expression is independent of sex phenotype and remains unaltered by 
feminizing (Nanda et al., 2002) and masculinizing factors (Kobayashi et 
al., 2004; Nagahama et al., 2003). In addition, Japanese medaka shows a 
strain difference in frequency of spontaneous XX males (Nanda et al., 
2003). The fact that dmy is not always necessary and sufficient for 
maleness is consistent with an important notion: dmy acts upstream in the 
genetic hierarchy (Nanda et al., 2002) and serves as the male sex 
determining gene only, whereas autosomal genes are responsible for 
male sex differentiation and maintenance (Nanda et al., 2003; Nanda et 
al., 2002; Schartl, 2004a, 2004b; J.-N. Volff et al., 2003). 
5.1.3 dmrt1 is a male sex maintainer 
As introduced in section 1.2.6.1, the autosomal counterpart of dmy, dmrt1 
is located on chromosome 9 and behaves indeed as a male sex 
maintainer because it is highly expressed in Sertoli cells of testes and its 
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mutation has led to XY sex reversal following the initiation of testicular 
differentiation (Masuyama et al., 2012). In the meantime, its addition did 
not masculinize genetic females, apparently due to its inability to induce 
testicular initiation or differentiation, which is further supported by following 
several observations. Firstly, high dmy expression precedes the onset of 
testicular differentiation at six dpf, whereas detectable levels of dmrt1 
expression emerges in the same lineage of cells only since around three 
weeks after hatching (Kobayashi et al., 2004). Secondly, in vivo ChIP and 
cell transfection assay have revealed the cross-regulation between dmy 
and dmrt1, where dmy directly activates dmrt1 and dmrt1 directly down-
regulates dmy (Herpin et al., 2010). Finally, unlike dmy, dmrt1 expression 
is elevated in genetic females upon treatment with masculinizing factors 
like high temperature (R. Hattori et al., 2007). Taken together, the 
autosomal dmrt1 is a male sex maintainer via transcriptional activation by 
the sex determining gene dmy (Fig. 5-1B). 
5.1.4 gsdf is a male sex initiator 
This study has established gsdf as a male sex initiator acting directly 
downstream of dmy and thus a prime candidate for the searched 
autosomal gene essential for maleness (Schartl, 2004a). Firstly, the 
ectopic expression of gsdf is sufficient to masculinize genetic females in 
the absence of dmy (Fig. 3-1), suggesting its ability to initiate testicular 
differentiation. Secondly, gsdf disruption causes complete feminization of 
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genetic males (Fig. 4-2) without compromising dmy expression (Fig. 4-
5C), indicating its necessity for maleness and its hypostasis to dmy. 
Thirdly, the fact that Dmy protein binds to the gsdf promoter and activates 
gsdf transcription convincingly reveals that gsdf is the direct downstream 
target of dmy. Fourthly, feminization upon gsdf disruption results from the 
initiation of ovarian differentiation (Fig. 4-10) despite the presence of dmy, 
demonstrating that the primary and perhaps the earliest role of gsdf is to 
initiate testicular differentiation, which cannot be replaced by the sex 
determining gene dmy (Nanda et al., 2002). Finally, one gsdf allele is 
already capable of initiating testicular differentiation in gsdf +/- mutants (Fig 
4-5 and Fig. 4-8), suggesting the haplosufficiency of gsdf regarding its role 
as a male sex initiator.  
Consistent with this notion is a recent report that the gsdf mRNA 
reduces dramatically by ~ 28 folds in the dmy knockout XY gonad (Luo et 
al., 2015). This proposition is also supported by some previous findings. 
For example, similar to dmy, gsdf expression was also up-regulated in the 
primordium of six-dpf XY embryos, spatially and temporally correlating 
with the initiation of testicular differentiation (Shibata et al., 2010). 
Moreover, gsdf expression was suppressed in XY embryos upon 
treatment with feminizing factors such as female hormone 17β-estradiol 
(Shibata et al., 2010), whereas dmy expression remained unchanged 
(Nanda et al., 2002). This observation further suggests the down-
  144 
regulation of gsdf expression is an essential step during the feminization 
process, while dmy expression is fully compatible with ovary development 
and function (Schartl, 2004a). Therefore, Japanese medaka gsdf acts 
downstream of dmy and is a male sex initiator (Fig. 5-1B). 
 
Fig. 5-1. Sex development and its control in Japanese medaka. (A) 
Normal and altered sex. The XX embryo normally develops as a female 
and becomes masculinized into a male by treatment with high temperature 
(HT) or androgens (AG), or by the addition (+) of dmy or gsdf. The XY 
embryo usually develops as a male and becomes feminized into a female 
by treatment with female sex hormone estrogens (EG) like E2 (17β-
estradiol), or by the deletion (-) of dmy, dmrt1, amhr2 (hotei mutant) or 
gsdf. (B) The core cascade controlling sex development. The black 
horizontal line depicts developmental day(s) post fertilization (dpf) or 
hatching (dph). Shown are key developmental events including testis 
initiation (TI), testis differentiation (TD) and testis formation (TF). 
Horizontal boxes depict developmental RNA expression stages of dmy, 
gsdf and dmrt1. Arrows depict direct activation of gsdf and dmrt1 by dmy. 
Highlighted are the primary roles of gsdf in testis initiation/differentiation, 
and dmrt1 in testis maintenance.  
 
Taken together, gsdf is involved in male sex initiation and dmrt1 is 
involved in the male sex maintenance, whereas dmy itself is not 
necessary for these two early developmental processes. Therefore we 
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initiator gsdf and the male sex maintainer dmrt1 without its own 
participation in actual processes of sex initiation and maintenance (Fig. 5-
1B). 
5.2 Evolution of sex determining genes  
5.2.1 dmy is a newly added factor in Japanese medaka 
A single genetic cascade involving multiple gene components for sex 
determination and development is present in well-studied organisms such 
as Drosophila and C. elegans (Wilkins, 1995). This study together with 
previous reports reveals unusual features for the genetic male sex 
determination system in Japanese medaka, where dmy, gsdf and dmrt1 
constitute the core sex determination system and form two cascades. One 
comprises dmy and gsdf for male sex initiation and differentiation, the 
other comprises dmy and dmrt1 for male sex maintenance (Fig. 5-1B).  
5.2.2 gsdf is a core ancestral factor for testis differentiation 
Across several Oryzias species analyzed up to date, gsdf is likely to serve 
a conserved role in mediating early testicular differentiation. Apart from 
Japanese medaka (O. latipes) as described above, in O. luzonesis and O. 
pectoralis where dmy is degenerated or absent, a Y-chromosomal gsdfY 
arose by allelic divergence, expresses earlier than the X chromosomal 
counterpart and became the master sex determining gene (Taijun Myosho, 
2012; T. Myosho et al., 2012). Interestingly, gsdfY and gsdfX encode 
  146 
exactly identical amino acid sequences, suggesting mutations in the cis-
regulatory promoter regions of gsdfY are responsible for the early gonadal 
expression of gsdf and one of the responsible mutations is speculated to 
be the loss of a putative binding site for SF1 exclusively in gsdfY (T. 
Myosho et al., 2012). Therefore another gene like dmy, which is capable 
of triggering gsdf expression at early sex developmental stages, is no 
longer required in this species. Coincidently, one of the two dmrt1 copies 
is corrupted with a frameshift mutation at the junction of exons 3 and 4 in 
O. luzonesis (Kondo et al., 2004). Meanwhile in O. dancena, where the 
master sex determining gene is switched to sox3Y, gsdf is also 
preferentially expressed in the developing gonads of hatched XY fry and 
demonstrates a strong potential of being the downstream factor of sox3Y  
(Takehana et al., 2014). As described in section 1.3.2, gsdf mRNA is 
present in the sox3Y transgenic fish while absent in sox3Y loss-of-function 
mutants, and the ectopic expression of gsdfY from O. luzonesis could 
masculinize the XX individuals of O. dancena (Takehana et al., 2014). 
Beyond the Oryzias genus, in sablefish (Anoplopoma fimbria) from 
Scorpaeniformes, gsdf is located on the sex chromosome and could 
potentially be the master sex determining gene, as evidenced by the sex-
specific sequence insertions identified immediately upstream of gsdf and 
its predominant expression in males (Rondeau et al., 2013). In the 
meantime, the preferentially testicular expression pattern of gsdf is 
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conserved in all fish species examined, ranging from hermaphrodites like 
the protogynous wrass (Halichoeres trimaculatus)  (Horiguchi et al., 2013) 
to gonochrists like rainbow trout (Oncorhynchus mykiss) (Sawatari et al., 
2007) as described in section 1.3.1. Even in the basal fish species 
Latimeria menadoensis, gsdf expression is dramatically higher in the 
testis, suggesting that gsdf arose early at the base of the fish lineage 
before the emergence of the tetrapod lineage, and appears to be an 
ancestral sex-determining gene (Forconi et al., 2013). 
5.2.3 gsdf offers a new perspective in understanding the evolution of 
sex determining genes 
Sex determining genes demonstrate enormous diversity across animal 
phyla in general, as well as conservation within certain taxa such as sry in 
nearly all therians and transformer (tra) in several insects (Bachtrog et al., 
2014). There is an example that certain genes such as dmrt1 or its 
paralogs can be repeatedly recruited as the sex determining gene in a 
wide variety of organisms including Japanese medaka (Matsuda et al., 
2002), smooth tongue sole (Cynoglossus semilaevis) (S. Chen et al., 
2014), chicken (Smith et al., 2009) and frog (Bachtrog et al., 2014; 
Yoshimoto et al., 2008). These facts have raised a question as to what 
genes can become or serve as sex determining genes.  
The identification of autosomal gsdf as a male sex initiator in this 
study has a direct and important implication on the evolution of sex 
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determining genes as well as sex chromosomes. Schartl has suggested 
that the autosomes bearing genes capable of exerting a male determining 
function may evolve into Y chromosomes that will compete and possibly 
replace the present Y chromosome (Schartl, 2004a). Here we propose 
that autosomal genes performing key male sex functions like gsdf may 
serve as a core in understanding the evolution of sex determining genes 
and cascades (Fig. 5-2). On one hand, gsdf may easily evolve into a male 
sex determining gene capable of competing and even replacing the 
existing sex determining gene dmy, which is exactly what has occurred in 
O. luzonesis, where another copy of gsdf located on the Y chromosome 
arose and serves as the sex determining gene via acquiring early XY-
specific high expression for testicular differentiation by itself (T. Myosho et 
al., 2012). On the other hand, other autosomal genes can be recruited as 
new sex determining genes to initiate gsdf expression, which is exactly the 
case taking place in Japanese medaka and its close relative O. dancena, 
where the sex determining gene sox3Y functions early in XY embryos to 
induce gsdf expression (Takehana et al., 2014). However it still remains 
unclear whether gsdf is the male sex initiator and activated by sox3Y 
directly or indirectly in this Oryzias species.  
Therefore, an autosomal sex initiator like gsdf may play a critical 
role in the evolution of sex determining genes and sex chromosomes, as it 
could easily become a sex determining gene through achieving high 
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expression level at early sex determination period on its own, or employ 
other gsdf regulators to serve as new sex determining genes. 
 
  
Fig. 5-2. Key male sex genes and cascades in Oryzias. Arrows and 
block lines depict positive and negative direct (solid) or indirect plus 
possible interactions (dashed). Bent arrows depict evolutionary origins. 
Open arrows depict proven (solid) or suggested (dashed) roles of genes in 
Japanese medaka. Also indicated are the critical stages of sex 
development (initiation and maintenance of testicular differentiation). 
Notably, gsdf plays a conserved role in maleness, either as a master 
regulator or a downstream key player in the three Oryzias species. Data 
are from published reports (references are indicated in the parenthesis) 
and this study (blue). 
 
5.3 The limitation and additional analyses to prove gsdf as a sex 
initiator 
This study has revealed early gonadal feminization in stage-39 XY 
embryos after gsdf disruption (Fig. 4-10 and Fig. 4-11), suggesting the 
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absence of testicular differentiation during early stages of sex 
development. The variation in PGC abundance of ~9-dpf embryos is the 
first detectable sexual dimorphism in Japanese medaka (Satoh & Egami, 
1972). However, high level of gsdf and dmy expression has already 
started in wildtype XY primordium since six dpf (Shibata et al., 2010), 
when initiation of testicular differentiation takes place (Fig. 5-1B). Thus the 
ideal way to establish gsdf as a sex initiator is to demonstrate the absence 
of testicular differentiation between stage 36 to stage 39 in genetic males 
after gsdf disruption. Unfortunately, during this time period, no sexual 
dimorphism is available and nearly all genetic sex markers studied so far 
with preferential testicular or ovarian expression have not shown 
detectable levels of expression yet. To bypass this difficulty, we could 
think of some other ways to further validate the role of gsdf as a male sex 
initiator. One alternative is to examine the gsdf expression level at critical 
sex initiation and differentiation stages (since six dpf) upon 
masculinization treatments like high temperature (34 °C) (R. Hattori et al., 
2007; Hayashi et al., 2010) or cortisol treatment (Kitano, Hayashi, 
Shiraishi, & Kamei, 2012), as the male sex initiator may be switched on 
during the masculinization process. Moreover, it would be very interesting 
to test whether female-to-male sex reversal takes place in gsdf-disrupted 
embryos upon masculinization treatment. If gsdf knockout is able to 
abolish the masculinization processes efficiently, then gsdf is likely to be 
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the only or major sex initiator for testicular differentiation. Another 
alternative is to observe the PGC abundance, i.e. the first sexual 
dimorphism in gsdf-overexpressed XX embryos. If gsdf is a male sex 
initiator, it would be very likely that these embryos with ectopic gsdf 
expression would demonstrate fewer PGCs than the wildtype at hatching 
stage. 
5.4 Functioning mechanism of gsdf 
5.4.1 Target cells: somatic or germ cells? 
Here overproliferation of germ cells during early sexual differentiation is 
observed after gsdf disruption, which is dissimilar to what was reported in 
rainbow trout, where inhibition of gsdf translation has suppressed PGC 
proliferation (Sawatari et al., 2007). As a factor secreted from gonadal 
somatic cells, this contradiction provokes us to ask the target cell type of 
gsdf. It remains to be understood whether gsdf initiates testicular 
differentiation by directly acting on gonadal somatic cells, or indirectly 
affecting PGC proliferation and in turn regulating the somatic sex 
(Kurokawa et al., 2007; Tanaka et al., 2008). One possible way to answer 
this question is to check the phenotype of germ cell-depleted gsdf  -/- fish, 
which can be obtained by knockdown of germ cell essential genes like dnd 
(Liu et al., 2009) in gsdf  -/- embryos. If gsdf directly acts on gonadal 
somatic cells, then loss of germ cells would possibly still lead to the 
feminization of gsdf -/- XY embryos. If gsdf regulates sexual differentiation 
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by inhibiting PGC proliferation, then gsdf -/- XY embryos are likely to remain 
the male phenotype.  
5.4.2 Molecular mechanisms 
The molecular mechanism by which gsdf regulates Japanese medaka 
sexual differentiation still remains unclear and two possible directions are 
listed below.  
5.4.2.1 Transcriptome analysis 
To gain insights into the molecular mechanism underlying feminization 
upon gsdf disruption, gonadal mRNA samples from gsdf +/+ XY (WTXY), 
gsdf +/+ XX (WTXX), and mutant gsdf -/- XY (MTXY) fish were subjected to 
next-generation sequencing and preliminary analyses of global gene 
expression profiles have been performed. A sample distance study 
revealed that the MTXY gonad was more similar to the WTXX gonad than 
to the WTXY gonad (Fig. 5-3). Thus gsdf disruption altered global gene 
expression in favor of ovarian development.  
  153 
 
Fig. 5-3. Sample distances among different gonads. Sample distances 
among WTXY, WTXX and MTXY gonads. WT, wildtype (gsdf +/+); MT, 
mutant (gsdf -/-). 
 
The differential expressed gene lists would give us some clues on 
the potential downstream targets of gsdf. For example, compared to 
WTXY testis, the TGF-β superfamily members, bmp7 (Log2 fold change = 
5.8; P<0.01), bmp15 (Log2 fold change = 7.2; P<0.001) and gdf-9 (Log2 
fold change = 5.9; P<0.01) are all significantly up-regulated in MTXY 
gonads. bmp7 shows ovary-specific expression in chicken (Hoshino, 
Koide, Ono, & Yasugi, 2005) and is an important factor for germ cell 
proliferation in mice (Ross, Munger, & Capel, 2007), indicating its possible 
correlation with the overproliferation of germ cells after gsdf disruption in 
Japanese medaka. bmp15 and its homolog gdf-9 have synergistic roles in 
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the direct regulation of folliculogenesis processes in mammals (C. Yan et 
al., 2001). Meanwhile, the Wnt signaling factors, wnt4a (Log2 fold change 
= 4.5; P<0.05) and wnt9b (Log2 fold change = 5.3; P<0.05) are also up-
regulated. wnt4 is a well established factor for ovarian differentiation in 
mammals (Nicol, Guerin, Fostier, & Guiguen, 2012) and is indirectly 
inhibited by dmy in Japanese medaka testes, as dmy could up-regulate 
the expression of dkk1, a negative regulator of Wnt/Rspo1/Fst signaling 
pathway (Herpin et al., 2013). Interestingly in the MTXY gonad, where 
dmy is still highly expressed, wnt4 expression level is increased to a level 
comparable to the wildtype ovary, suggesting gsdf could directly or 
indirectly inhibit wnt4 expression.  
The datasets generated from adult gonads only provide limited 
information on how gsdf regulates gonadal sex. To further understand how 
gsdf acts as a male sex initiator during early sexual differentiation, 
transcriptome analyses of the gonadal ridges should be carried out. Those 
datasets would be more informative and may also reveal whether gonadal 
feminization of MTXY embryos takes place earlier than stage 39 as 
discussed in section 5.3. 
5.4.2.2 Identification of gsdf binding partners  
As Gsdf is a TGF-β superfamily secreted factor, finding out its binding 
partner(s) would be helpful in understanding its molecular mechanism. 
The partner(s) could possibly be identified by a pull-down assay, with the 
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Gsdf recombinant protein as the bait and the cell lysate of normal adult 
testes as the source containing putative “prey” proteins. Moreover, its 
binding partner or receptor should also be expressed during critical sex 
initiation stages as well. 
5.5 Possible explanations for reduced fertility after gsdf disruption 
This study is focused mainly on the most prominent phenotype after gsdf 
disruption, which is the feminization of genetic males. Actually gsdf 
deletion has also led to compromised fertility and fecundity in both XX and 
XY adults (Table 4-2 and Table 4-3). 
 The maintenance and differentiation of germ cells require the 
support from gonadal somatic cells (Tanaka et al., 2008). Gsdf is a TGF-β 
family secreted factor expressed by somatic cells surrounding germ cells 
in both testes and ovaries (Shibata et al., 2010) and thus likely to mediate 
the interaction between gonadal somatic cells and germ cells. Therefore 
the reduced fertility after gsdf disruption may result from the 
developmental arrest of germ cells. The observation that could possibly 
support this hypothesis is that gsdf -/- gonads were densely aligned with 
immature oocytes (Fig. 4-7), and all gsdf -/- fish showed up-regulated GSI 
values, which were around three times higher compared to wildtype 
ovaries (Fig. 4-4). Nevertheless, heterozygous mutants did not show 
obvious GSI changes compared to wildtype counterparts while also 
demonstrated compromised fertility and fecundity.  
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I further compared the expression level of several genes related to 
oocyte maturation processes among ovaries of different genotypes. 
Interestingly, bmp15 and gdf-9, both essential for folliculogenesis 
processes in mammals and several fish species (Clelland et al., 2006; 
Halm, Ibáñez, Tyler, & Prat, 2008; C. Yan et al., 2001), were expressed in 
gsdf -/- XY gonads at similar levels to wildtype ovaries, as revealed by 
transcriptome analysis  (P = 0.82 and 0.99, respectively). However, the 
mutant ovaries, including both gsdf +/- and gsdf -/-, demonstrated lower 
foxl2 and cyp19a1 (ovarian aromatase) expression levels when compared 
to the wildtype (Fig. 5-4). In mammalian ovary, foxl2 is reported to be able 
to activate aromatase expression via direct transcriptional up-regulation 
(Pannetier et al., 2006). As aromatase is responsible for catalyzing the 
synthesis of estrogen in the somatic cells surrounding the developing 
oocytes, its down-regulation may further lead to the decrease of 
endogenous estrogen level and affect the vitellogenesis process of 
oocytes (Guiguen et al., 2010). The detailed mechanism remains to be 
further investigated. 
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Fig. 5-4. Ovarian expression of foxl2 and cyp19a1. ddPCR analysis, 
revealing the expression levels of foxl2 and cyp19a1 in ovaries of various 
genotypes. Values are copy numbers per μl normalized to β-actin (n = 3) 
and presented as means ± s.d. Tukey's multiple comparisons test, *, P < 
0.05. Two segments of the y-axis are drawn with different scales. 
 
5.6 Technical perspectives  
This study has demonstrated the feasibility and efficacy of ZFN-mediated 
genome editing in Japanese medaka embryos for the first time (X. Zhang 
et al., 2014). Procedures and parameters that allow for maximal survival or 
maximal GD efficiency were established. Specifically, the dosage of ZFN 
mRNA injection correlates negatively with survival but positively with GD 
efficiency. RNA injection at a high dose of 40 ng/μl gives rise to nearly 
100% GD efficiency in operated fry, whereas RNA injection at a low dose 
of 10 ng/μl ensures a high survival rate of fry development. The 
parameters for a satisfactory balance between survival and GD efficiency 
will provide valuable information for setting up new ZFN-mediated GD 
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experiments in Japanese medaka in particular and other fish species in 
general. 
5.6.1 Procedures and experience  
The ZFN approach has proven its power for genome editing in several 
organisms (Carroll, 2011, 2014). An important requirement for the 
introduction of ZFNs into a new model is an appropriate procedure, as well 
as detailed practical parameters to predict and implement effective GD.  In 
our case, the streamlined protocol mainly consists of: design and construct 
ZFNs to target the desired gene; synthesize ZFN mRNA; efficiency test for 
designed ZFNs and optimize parameters by monitoring survival rate, 
malformation rate and GD efficiency in embryos and fry; mutation 
detection assay for somatic and germline mutagenesis. 
The experience in designing ZFNs here is to choose the target 
sequence which is closely downstream the signal peptide of the target 
gene. As the target locus is located at 5’ end, truncated Gsdf protein, 
which may contribute to partial function of the intact Gsdf, is avoided to the 
maximum extent. Moreover, mRNA instead of DNA was chosen as the 
ZFN delivery form since mRNA eliminates the risk of random genome 
integration, reduces the likelihood of creating off-targeting events and is of 
lower cytotoxicity by exposing cells to ZFNs for a shorter time. 
Additionally, Japanese medaka cells do not tolerate input ZFN plasmids as 
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all embryos were dead upon microinjection of a pair of ZFN plasmid (20 
ng/μl).  
5.6.2 Parameters 
Although embryo injection of mRNAs for ZFN expression has proven to be 
practical in several organisms, zebrafish, rat, mouse, sea urchin, frog and 
so on (Carroll, 2011), parameters for efficiently generating targeted 
mutation have, however, remained hardly elucidated. One important 
parameter is the injection dose of ZFN mRNA. Fry test reveals that the 
dose of ZFN mRNA correlates negatively with the survival rate but 
positively with the GD efficiency (Table 3-2, Fig. 3-8), which ranges from 
30% to 100% when the ZFN mRNAs are injected at 10 ng/μl to 40 ng/μl 
(Fig. 3-3B and Fig. 3-9A). Interestingly, when the dosage is raised to 60 
ng/μl, the efficiency is lower than that of 40 ng/μl (Fig. 3-8). One 
explanation is that high concentration of ZFN mRNA may cause toxicity to 
embryos or generate off-target mutations, resulting in the death of many 
mutant embryos. In our example, the targeted GD event occurs at a ~4% 
efficiency when the survival rate until the fry stage is ~70%. More 
intriguingly, with a relatively low dosage of 10 ng/μl, the percentage of 
individuals with successful GD falls from 30% to ~5% from fry to adults 
(Fig. 3-9), indicating that the embryo containing considerable GD events 
due to a high dosage of ZFN mRNA injection is less viable to its normal 
counterpart. 
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5.6.3 ZFN-induced mosaicism 
In ZFN-injected Japanese medaka embryos, the number of mutant alleles 
increases when the development proceeds from one to five dpf (Fig. 3-
11A), suggesting that introduced ZFNs persist and retain their specific 
cleavage activity throughout this period, thereby continuing to generate 
independent GD events. The persistence of ZFN activity could produce 
highly mosaic organs regarding the relative proportion of GD events and 
the number of GD alleles. ZFN-induced mosaicism has been reported in 
the tail of rodents (Cui et al., 2011). Here in Japanese medaka, I have 
performed such examination with the regenerative caudal fin of a F0 fish 
(Fig. 3-11B) and extended the observation into a total of eight organs or 
tissues from two F0 adults (Fig. 3-11C), which are representative of three 
germ layers formed during gastrulation. The heteroduplex band patterns, 
indicative of different GD alleles are dissimilar among all these organs, 
even between the gut and liver, which are both originated from endoderm 
during organogenesis and discernable at four dpf in Japanese medaka 
(Watanabe et al., 2004). This result strongly suggests that ZFN protein 
continues to operate at least until the organogenesis stage.  
5.6.4 Frequency of germline transmission 
One of the ultimate goals of genome editing is to achieve germline 
transmission and produce whole animals containing a defined genetic 
alteration. In Japanese medaka, the efficiency of gsdf GD is higher in the 
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soma than the germline. Here only two of the five adults carrying targeted 
GD alleles in the caudal fin were capable of germline transmission. Non-
transmitting fish may contain mutant alleles, which are easily detectable 
not only in many somatic organs but also in the gonad. For example, non-
transmitting fish #52 is comparable to the transmitter #38 in the number 
and abundance of GD alleles in various organs. The discrepancy between 
a high GD efficiency in the soma and a lack of GD events in the germline 
is not surprising, because cell type numbers and cell mass in the soma 
are substantially larger than the germline, as the latter comprises only a 
single cell lineage, namely germ cells responsible for germline 
transmission. On the other hand, it deserves to note that adult gonads also 
contain several types of somatic cells besides germ cells. As Gsdf is a 
specific factor secreted from gonadal somatic cells, it is highly possible 
that gsdf disruption might affect germ cell development for gamete 
production. This speculation is further supported by the report that in 
rainbow trout, gsdf knockdown suppresses PGC proliferation, and the 
addition of the recombinant Gsdf to testicular cell culture enhances the 
proliferation of spermatogonia (Sawatari et al., 2007). 
5.6.5 Various mutant alleles 
Targeted gsdf disruption by ZFNs has resulted in a wide variety of subtle 
allelic alterations including minor additions or deletions in fry and adults 
(Fig. 3-10). Here all deletions are the consequence of loss by 1~10 bp, 
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whereas additions can result from either single insertion of several base 
pairs or a combination of additions and deletions. These results conform to 
previous studies in zebrafish (Doyon et al., 2008; Meng, Noyes, Zhu, 
Lawson, & Wolfe, 2008). Various allelic alterations, which may lead to the 
loss (frameshift mutations) or modification (in-frame additions/deletions) of 
the target gene, will allow for detailed analyses of different GD alleles on 
the activity and function of the target gene. 
5.6.6 Significance and potential applications 
Engineered endonucleases have opened the new era of genome 
engineering. Most recently, targeted mutagenesis in Japanese medaka 
embryos using custom-designed TALEN and CRISPR/Cas systems has 
been reported (Ansai & Kinoshita, 2014; Ansai et al., 2013). Although 
currently both platforms are more frequently used in routine laboratory 
work due to their higher efficacy and simplicity in design, ZFNs still cannot 
be fully replaceable. Some ZFNs developed recently are already suitable 
for serving as clinical reagents due to their extremely high efficiency and 
specificity (Maier et al., 2013), while the specificity of CRISPR/Cas 
systems remains a big issue. Moreover, ZFNs are typically smaller in size 
as the coding sequences for two 4-finger proteins are around two kb and 
easily to be carried by plasmid or viral vectors, whereas TALEN coding 
sequences are ~three kb each and the Cas9 coding sequence is over four 
kb (Carroll, 2014).  
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Here I have demonstrated the first case of ZFN-mediated 
mutagenesis on an endogenous gene in Japanese medaka (X. Zhang et 
al., 2014). These procedures and parameters should be informative and 
applicable for targetable nuclease-induced genome editing in other fish 
species, including those of aquaculture importance.  
5.6.7 Mutation detection approaches 
5.6.7.1 Advantages of PAGE detection system 
To facilitate the mutation screening process, my collaborator and I have 
developed two detection methods, TAGE and PAGE (Fig. 3-3). They both 
do not require any advanced equipment or special operation conditions. 
However, PAGE system has several major advantages over TAGE and is 
more suitable for performing high-throughput genotyping.  
Firstly, PAGE is convenient and straightforward, as it does not 
require any intermediate steps like enzyme digestion of PCR products 
before electrophoresis and further ensures the intactness of PCR 
products. Secondly, PAGE is highly sensitive and is capable of detecting 
rare alleles (~0.4% of the total DNA). Thirdly, PAGE allows for the 
identification and quantification of multiple alleles, which is particularly 
critical in mutation screening among F0 individuals. This is because in 
targetable nuclease-mediated GD experiments, mutations may occur 
independently in different cells from three germ layers at different stages 
of development (Fig. 3-11), producing various GD alleles in the F0 
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generation (Fig. 3-10). Finally, based on the intactness of PCR products 
and high resolution of PAGE detection, the grsPCR procedure was 
developed to allow for the enrichment of rare alleles. In genome editing 
trials, the validation of GD events in the F0 generation usually involves 
sequencing for a large number of recombinant colonies and is thereby a 
time-consuming task. For example in zebrafish embryos treated with 
ZFNs, GD usually occurs in only one allele in 1-3% of total cells (Foley et 
al., 2009; Meng et al., 2008). As a result, in the F0 sample carrying the 
targeted mutation, the GD allele is rarely present in ~1% of the total 
genomic DNA in most cases. Identifying these potential founders has thus 
become a major obstacle. Fortunately, grsPCR procedure in PAGE could 
enrich these rare mutant alleles. As shown on Fig. 3-6, the percentage of 
GD positive colonies increased from 21% to 45% after one round of 
grsPCR, which significantly reduced the work load of F0 genotyping 
compared with previous studies (Foley et al., 2009; Meng et al., 2008). 
5.6.7.2 Experience and potential applications 
When performing GD genotyping with PAGE, the optimal length of the 
DNA fragment bearing the target site is around 300 bp, since shorter PCR 
products can not only reduce the electrophoresis time, but also reduce the 
chance of including natural polymorphisms, which may be also displayed 
as heteroduplex bands on the polyacrylamide gel. To further avoid the 
interference of natural polymorphisms, one wildtype sample control is 
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suggested to be added on every PAGE detection assay and only those 
showing band patterns different from the wildtype control are regarded as 
GD positive samples.  
Notably, the PAGE detection approach is applicable to all mutation 
screening experiments, including those mediated by TALEN (Wang & 
Hong, 2014) and CRISPR-Cas systems. 
5.6.7.3 Limitations 
Certain point mutations, one-bp additon or deletion may be overlooked in 
PAGE detection. Similar with PAGE, another heteroduplex analysis 
system reported previously, namely “hydrolink mutation detection 
enhancement gels” also cannot detect all mutation types since the 
detection sensitivity can be influenced by a number of factors ranging from 
electrophoretic conditions, type of base substitution, fragment length, local 
base sequence, the GC content of the fragment to the location of the 
sequence variation along the DNA fragment (Nataraj, Olivos‐Glander, 
Kusukawa, & Highsmith, 1999). Nevertheless, PAGE detection system is 
still suitable for GD genotyping as targetable nucleases, including ZFNs, 
TALENs and CRISPR-Cas, usually induce allelic alterations with bigger 
differences (Ansai & Kinoshita, 2014; Sander et al., 2011; Wang & Hong, 
2014; X. Zhang et al., 2014). 
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5.7 Conclusions 
Master sex determining genes always act at the top of hierarchical 
cascades (Wilkins, 1995) to initiate the sexual development of an 
undifferentiated zygote into female or male. Currently a lot of effort has 
been invested into the identification of sex determining genes, the 
dynamics of subsequent networks remains merely elucidated (Heule et al., 
2014). In Japanese medaka, how the sex determining gene dmy makes 
the primary sex decision via initiating testicular differentiation remains 
elusive.  
This study reveals that an autosomal gene gsdf is both necessary 
and sufficient for Japanese medaka testicular differentiation, as its 
overexpression masculinizes genetic females and its disruption causes 
complete feminization of genetic males at morphological, gonadal and 
gamete levels. Notably, this feminization results from a lack of testicular 
differentiation rather than from sex reversal as it takes place early during 
embryonic development. More importantly, Dmy is able to bind to the gsdf 
promoter in vivo and up-regulate its expression. These results have 
established gsdf as a male sex initiator in Japanese medaka, which is 
under the direct transcriptional activation of the sex determining gene dmy.  
Together with several previous findings, we propose that dmy 
determines maleness through activating gsdf and the male sex maintainer 
dmrt1 without its own participation in the actual processes of male sex 
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initiation and maintenance. This finding offers new insights into molecular 
mechanisms underlying sex development and evolution of sex-controlling 
genes in vertebrates: an autosomal sex initator like gsdf may easily 
become a sex determining gene via acquiring high expression for early 
testicular differentiation or its transcriptional regulators may be recruited 
into new sex determining genes.  
 Technically, this study reports the first case of ZFN-mediated gene 
editing on a chromosomal locus in Japanese medaka and provides 
practical procedures and parameters. Injection doses ranging from 10 to 
40 ng/μl ensure both a high survival rate and high efficiency of gsdf 
disruption. Intriguingly, ontogenic analyses of the allelic profile reveal that 
GD event commences early in development, continues during subsequent 
stages and in primordia that ultimately give rise to different adult organs of 
the three germ layers. Finally, a rapid mutation detection approach was 
developed. PAGE features high efficiency and sensitivity, allows for 
quantification and enrichment of multiple alleles and is gaining its 
popularity in various mutation screening assays. 
  
  168 
Bibliography 
Albrecht, K. H., & Eicher, E. M. (2001). Evidence that Sry is expressed in 
pre-Sertoli cells and Sertoli and granulosa cells have a common 
precursor. Developmental biology, 240(1), 92-107.  
 
Ansai, S., & Kinoshita, M. (2014). Targeted mutagenesis using 
CRISPR/Cas system in medaka. Biology open, 3(5), 362-371. 
  
Ansai, S., Ochiai, H., Kanie, Y., Kamei, Y., Gou, Y., Kitano, T., . . . 
Kinoshita, M. (2012). Targeted disruption of exogenous EGFP gene 
in medaka using zinc‐finger nucleases. Development, growth & 
differentiation, 54(5), 546-556.  
 
Ansai, S., Sakuma, T., Yamamoto, T., Ariga, H., Uemura, N., Takahashi, 
R., & Kinoshita, M. (2013). Efficient targeted mutagenesis in 
medaka using custom-designed transcription activator-like effector 
nucleases. Genetics, 193(3), 739-749.  
 
Aoki, Y., Nagao, I., Saito, D., Ebe, Y., Kinjo, M., & Tanaka, M. (2008). 
Temporal and spatial localization of three germline‐ specific 
proteins in medaka. Developmental Dynamics, 237(3), 800-807.  
 
Aoki, Y., Nakamura, S., Ishikawa, Y., & Tanaka, M. (2009). Expression 
and syntenic analyses of four nanos genes in medaka. Zoological 
science, 26(2), 112-118.  
 
Bachtrog, D., Mank, J. E., Peichel, C. L., Kirkpatrick, M., Otto, S. P., 
Ashman, T.-L., . . . Ming, R. (2014). Sex determination: why so 
many ways of doing it? PLoS Biology.  
 
Baroiller, J., Clota, F., & Geraz, E. (1995). Temperature sex determination 
in two tilapia, Oreochromis niloticus and the red tilapia (Red Florida 
strain): effect of high or low temperature. Paper presented at the 
Proceedings of the Fifth International Symposium on the 
Reproductive Physiology of Fish. 
 
Barrionuevo, F., Bagheri-Fam, S., Klattig, J., Kist, R., Taketo, M. M., 
Englert, C., & Scherer, G. (2006). Homozygous inactivation of Sox9 
causes complete XY sex reversal in mice. Biology of reproduction, 
74(1), 195-201.  
 
  169 
Barske, L. A., & Capel, B. (2008). Blurring the edges in vertebrate sex 
determination. Current opinion in genetics & development, 18(6), 
499-505.  
 
Beerli, R. R., Segal, D. J., Dreier, B., & Barbas, C. F., 3rd. (1998). Toward 
controlling gene expression at will: specific regulation of the erbB-
2/HER-2 promoter by using polydactyl zinc finger proteins 
constructed from modular building blocks. Proc Natl Acad Sci U S 
A, 95(25), 14628-14633.  
 
Behringer, R. R., Cate, R. L., Froelick, G. J., Palmiter, R. D., & Brinster, R. 
L. (1990). Abnormal sexual development in transgenic mice 
chronically expressing Müllerian inhibiting substance.  
 
Behringer, R. R., Finegold, M. J., & Cate, R. L. (1994). Müllerian-inhibiting 
substance function during mammalian sexual development. Cell, 
79(3), 415-425.  
 
Beliakova‐Bethell, N., Massanella, M., White, C., Lada, S. M., Du, P., 
Vaida, F., . . . Woelk, C. H. (2014). The effect of cell subset 
isolation method on gene expression in leukocytes. Cytometry Part 
A, 85(1), 94-104.  
 
Bell, L. R., Maine, E. M., Schedl, P., & Cline, T. W. (1988). Sex-lethal, a 
Drosophila sex determination switch gene, exhibits sex-specific 
RNA splicing and sequence similarity to RNA binding proteins. Cell, 
55(6), 1037-1046.  
 
Boettger, L. M., Handsaker, R. E., Zody, M. C., & McCarroll, S. A. (2012). 
Structural haplotypes and recent evolution of the human 17q21. 31 
region. Nature genetics, 44(8), 881-885.  
 
Bogdanove, A. J., Schornack, S., & Lahaye, T. (2010). TAL effectors: 
finding plant genes for disease and defense. Curr Opin Plant Biol, 
13(4), 394-401. doi: 10.1016/j.pbi.2010.04.010 
 
Boulanger, L., Pannetier, M., Gall, L., Allais-Bonnet, A., Elzaiat, M., Le 
Bourhis, D., . . . Ghyselinck, N. B. (2014). FOXL2 is a female sex-
determining gene in the goat. Current Biology, 24(4), 404-408.  
 
Brookman, J. J., Toosy, A. T., Shashidhara, L., & White, R. (1992). The 
412 retrotransposon and the development of gonadal mesoderm in 
Drosophila. Development, 116, 1185-1192.  
 
  170 
Brunner, B., Hornung, U., Shan, Z., Nanda, I., Kondo, M., Zend-Ajusch, E., 
. . . Schmid, M. (2001). Genomic organization and expression of the 
doublesex-related gene cluster in vertebrates and detection of 
putative regulatory regions for DMRT1. Genomics, 77(1), 8-17.  
 
Camp, E., Sánchez‐Sánchez, A. V., García‐España, A., DeSalle, R., 
Odqvist, L., Enrique O'Connor, J., & Mullor, J. L. (2009). Nanog 
regulates proliferation during early fish development. Stem Cells, 
27(9), 2081-2091.  
 
Capecchi, M. R. (2005). Gene targeting in mice: functional analysis of the 
mammalian genome for the twenty-first century. Nature Reviews 
Genetics, 6(6), 507-512.  
 
Capel, B. (2000). The battle of the sexes. Mechanisms of development, 
92(1), 89-103.  
 
Carroll, D. (2011). Genome engineering with zinc-finger nucleases. 
Genetics, 188(4), 773-782.  
 
Carroll, D. (2014). Genome engineering with targetable nucleases. Annual 
review of biochemistry, 83, 409-439.  
 
Chaboissier, M.-C., Kobayashi, A., Vidal, V. I., Lützkendorf, S., van de 
Kant, H. J., Wegner, M., . . . Schedl, A. (2004). Functional analysis 
of Sox8 and Sox9 during sex determination in the mouse. 
Development, 131(9), 1891-1901.  
 
Chakraborty, T., Zhou, L., Iguchi, T., & Nagahama, Y. (2011). 
Transgenerational Knockdown of DMY in Medaka, Oryzias latipes. 
Indian Journal of Science and Technology, 4(S8), 283-284.  
 
Chassot, A., Gregoire, E., Magliano, M., Lavery, R., & Chaboissier, M. 
(2008). Genetics of ovarian differentiation: Rspo1, a major player. 
Sexual Development, 2(4-5), 219-227.  
 
Chen, J., Zhang, X., Wang, T., Li, Z., Guan, G., & Hong, Y. (2012). 
Efficient detection, quantification and enrichment of subtle allelic 
alterations. DNA research, 19(5), 423-433.  
 
Chen, S., Zhang, G., Shao, C., Huang, Q., Liu, G., Zhang, P., . . . Volff, J.-
N. (2014). Whole-genome sequence of a flatfish provides insights 
into ZW sex chromosome evolution and adaptation to a benthic 
lifestyle. Nature genetics, 46(3), 253-260.  
  171 
 
Clark, A. T., Bodnar, M. S., Fox, M., Rodriquez, R. T., Abeyta, M. J., Firpo, 
M. T., & Pera, R. A. R. (2004). Spontaneous differentiation of germ 
cells from human embryonic stem cells in vitro. Human molecular 
genetics, 13(7), 727-739.  
 
Clelland, E., Kohli, G., Campbell, R. K., Sharma, S., Shimasaki, S., & 
Peng, C. (2006). Bone morphogenetic protein-15 in the zebrafish 
ovary: complementary deoxyribonucleic acid cloning, genomic 
organization, tissue distribution, and role in oocyte maturation. 
Endocrinology, 147(1), 201-209.  
 
Collins, F. S., Rossant, J., & Wurst, W. (2007). A mouse for all reasons. 
Cell, 128(1), 9-13.  
 
Combes, A., Bowles, J., Feng, C.-W., Chiu, H., Khoo, P.-L., Jackson, A., . 
. . Koopman, P. (2011). Expression and functional analysis of Dkk1 
during early gonadal development. Sexual Development, 5(3), 124-
130.  
 
Crisponi, L., Deiana, M., Loi, A., Chiappe, F., Uda, M., Amati, P., . . . 
Porcu, S. (2001). The putative forkhead transcription factor FOXL2 
is mutated in blepharophimosis/ptosis/epicanthus inversus 
syndrome. Nature genetics, 27(2), 159-166.  
 
Cui, X., Ji, D., Fisher, D. A., Wu, Y., Briner, D. M., & Weinstein, E. J. 
(2011). Targeted integration in rat and mouse embryos with zinc-
finger nucleases. Nature biotechnology, 29(1), 64-67. 
  
Davies, E., & Fuller, M. (2008). Regulation of self-renewal and 
differentiation in adult stem cell lineages: lessons from the 
Drosophila male germ line. Paper presented at the Cold Spring 
Harbor symposia on quantitative biology. 
 
de Jesus, C. M., Bertollo, L. A. C., & Moreira‐ Filho, O. (1999). 
Comparative cytogenetics in Apareiodon affinis (Pisces, 
Characiformes) and considerations regarding diversification of the 
group. Genetica, 105(1), 63-67.  
 
Deltcheva, E., Chylinski, K., Sharma, C. M., Gonzales, K., Chao, Y., 
Pirzada, Z. A., . . . Charpentier, E. (2011). CRISPR RNA maturation 
by trans-encoded small RNA and host factor RNase III. Nature, 
471(7340), 602-607.  
 
  172 
Devlin, R. H., & Nagahama, Y. (2002). Sex determination and sex 
differentiation in fish: an overview of genetic, physiological, and 
environmental influences. Aquaculture, 208(3), 191-364.  
 
DiNapoli, L., & Capel, B. (2008). SRY and the standoff in sex 
determination. Molecular Endocrinology, 22(1), 1-9.  
 
Doyon, Y., McCammon, J. M., Miller, J. C., Faraji, F., Ngo, C., Katibah, G. 
E., . . . Rebar, E. J. (2008). Heritable targeted gene disruption in 
zebrafish using designed zinc-finger nucleases. Nature 
biotechnology, 26(6), 702-708.  
 
Dreier, B., Beerli, R. R., Segal, D. J., Flippin, J. D., & Barbas, C. F. (2001). 
Development of zinc finger domains for recognition of the 5′-ANN-
3′ family of DNA sequences and their use in the construction of 
artificial transcription factors. Journal of Biological Chemistry, 
276(31), 29466-29478.  
 
Dreier, B., Fuller, R. P., Segal, D. J., Lund, C. V., Blancafort, P., Huber, A., 
. . . Barbas, C. F. (2005). Development of zinc finger domains for 
recognition of the 5′-CNN-3′ family DNA sequences and their 
use in the construction of artificial transcription factors. Journal of 
Biological Chemistry, 280(42), 35588-35597.  
 
Foley, J. E., Maeder, M. L., Pearlberg, J., Joung, J. K., Peterson, R. T., & 
Yeh, J.-R. J. (2009). Targeted mutagenesis in zebrafish using 
customized zinc-finger nucleases. Nature protocols, 4(12), 1855-
1868.  
 
Forconi, M., Canapa, A., Barucca, M., Biscotti, M. A., Capriglione, T., 
Buonocore, F., . . . Gerdol, M. (2013). Characterization of sex 
determination and sex differentiation genes in Latimeria. PLoS One, 
8(4).  
 
Francis, R. C., & Barlow, G. W. (1993). Social control of primary sex 
differentiation in the Midas cichlid. Proceedings of the National 
Academy of Sciences, 90(22), 10673-10675.  
 
Frischmeyer, P. A., & Dietz, H. C. (1999). Nonsense-mediated mRNA 
decay in health and disease. Human molecular genetics, 8(10), 
1893-1900.  
 
Fujimoto, T., Ohmae, T., Sato, S., Horiguchi, R., Nagahama, Y., & Hirai, T. 
(2011). Molecular Cloning of Common Carp Gonadal Soma Derived 
  173 
Factor (GSDF). Indian Journal of Science and Technology, 4(S8), 
77-77.  
 
Fujiwara, Y., Komiya, T., Kawabata, H., Sato, M., Fujimoto, H., Furusawa, 
M., & Noce, T. (1994). Isolation of a DEAD-family protein gene that 
encodes a murine homolog of Drosophila vasa and its specific 
expression in germ cell lineage. Proceedings of the National 
Academy of Sciences, 91(25), 12258-12262.  
 
Gabriel, R., Lombardo, A., Arens, A., Miller, J. C., Genovese, P., Kaeppel, 
C., . . . Friedman, G. (2011). An unbiased genome-wide analysis of 
zinc-finger nuclease specificity. Nature biotechnology, 29(9), 816-
823.  
 
Gaj, T., Gersbach, C. A., & Barbas, C. F. (2013). ZFN, TALEN, and 
CRISPR/Cas-based methods for genome engineering. Trends in 
biotechnology, 31(7), 397-405.  
 
Garcia-Ortiz, J. E., Pelosi, E., Omari, S., Nedorezov, T., Piao, Y., 
Karmazin, J., . . . Forabosco, A. (2009). Foxl2 functions in sex 
determination and histogenesis throughout mouse ovary 
development. BMC developmental biology, 9(1), 36.  
 
Gautier, A., Le Gac, F., & Lareyre, J.-J. (2011). The gsdf gene locus 
harbors evolutionary conserved and clustered genes preferentially 
expressed in fish previtellogenic oocytes. Gene, 472(1), 7-17.  
 
Gautier, A., Sohm, F., Joly, J.-S., Le Gac, F., & Lareyre, J.-J. (2011). The 
proximal promoter region of the zebrafish gsdf gene is sufficient to 
mimic the spatio-temporal expression pattern of the endogenous 
gene in Sertoli and granulosa cells. Biology of reproduction, 85(6), 
1240-1251.  
 
Gonzalez, B., Schwimmer, L. J., Fuller, R. P., Ye, Y., Asawapornmongkol, 
L., & Barbas, C. F. (2010). Modular system for the construction of 
zinc-finger libraries and proteins. Nature protocols, 5(4), 791-810.  
 
Gordon, M. (1946). Interchanging genetic mechanisms for sex 
determination in fishes under domestication. Journal of Heredity, 
37(10), 307-320.  
 
Gubbay, J., Collignon, J., Koopman, P., Capel, B., Economou, A., 
Münsterberg, A., . . . Lovell-Badge, R. (1990). A gene mapping to 
the sex-determining region of the mouse Y chromosome is a 
  174 
member of a novel family of embryonically expressed genes. 
Nature, 346(6281), 245-250.  
 
Gubbay, J., Vivian, N., Economou, A., Jackson, D., Goodfellow, P., & 
Lovell-Badge, R. (1992). Inverted repeat structure of the Sry locus 
in mice. Proceedings of the National Academy of Sciences, 89(17), 
7953-7957.  
 
Guiguen, Y., Fostier, A., Piferrer, F., & Chang, C.-F. (2010). Ovarian 
aromatase and estrogens: a pivotal role for gonadal sex 
differentiation and sex change in fish. General and comparative 
endocrinology, 165(3), 352-366.  
 
Hall, A. B., Basu, S., Jiang, X., Qi, Y., Timoshevskiy, V. A., Biedler, J. K., . 
. . Chen, X.-G. (2015). A male-determining factor in the mosquito 
Aedes aegypti. Science, aaa2850.  
 
Halm, S., Ibáñez, A. J., Tyler, C. R., & Prat, F. (2008). Molecular 
characterisation of growth differentiation factor 9 (gdf9) and bone 
morphogenetic protein 15 (bmp15) and their patterns of gene 
expression during the ovarian reproductive cycle in the European 
sea bass. Molecular and cellular endocrinology, 291(1), 95-103.  
 
Haraguchi, S., Tsuda, M., Kitajima, S., Sasaoka, Y., Nomura-
Kitabayashid, A., Kurokawa, K., & Saga, Y. (2003). nanos1: a 
mouse nanos gene expressed in the central nervous system is 
dispensable for normal development. Mech Dev, 120(6), 721-731. 
  
Hashimoto, Y., Maegawa, S., Nagai, T., Yamaha, E., Suzuki, H., Yasuda, 
K., & Inoue, K. (2004). Localized maternal factors are required for 
zebrafish germ cell formation. Developmental biology, 268(1), 152-
161.  
 
Hattori, A. (1991). Socially controlled growth and size-dependent sex 
change in the anemonefishAmphiprion frenatus in Okinawa, Japan. 
Japanese Journal of Ichthyology, 38(2), 165-177.  
 
Hattori, R., Gould, R., Fujioka, T., Saito, T., Kurita, J., Strüssmann, C., . . . 
Watanabe, S. (2007). Temperature-dependent sex determination in 
Hd-rR medaka Oryzias latipes: gender sensitivity, thermal 
threshold, critical period, and DMRT1 expression profile. Sexual 
Development, 1(2), 138-146.  
 
  175 
Hattori, R. S., Murai, Y., Oura, M., Masuda, S., Majhi, S. K., Sakamoto, T., 
. . . Strüssmann, C. A. (2012). A Y-linked anti-Müllerian hormone 
duplication takes over a critical role in sex determination. 
Proceedings of the National Academy of Sciences, 109(8), 2955-
2959.  
 
Hayashi, Y., Kobira, H., Yamaguchi, T., Shiraishi, E., Yazawa, T., Hirai, T., 
. . . Kitano, T. (2010). High temperature causes masculinization of 
genetically female medaka by elevation of cortisol. Molecular 
reproduction and development, 77(8), 679-686.  
 
Herpin, A., Adolfi, M. C., Nicol, B., Hinzmann, M., Schmidt, C., 
Klughammer, J., . . . Schartl, M. (2013). Divergent expression 
regulation of gonad development genes in medaka shows 
incomplete conservation of the downstream regulatory network of 
vertebrate sex determination. Molecular biology and evolution, 
30(10), 2328-2346.  
 
Herpin, A., Braasch, I., Kraeussling, M., Schmidt, C., Thoma, E. C., 
Nakamura, S., . . . Schartl, M. (2010). Transcriptional rewiring of the 
sex determining dmrt1 gene duplicate by transposable elements. 
PLoS genetics, 6(2), e1000844.  
 
Herpin, A., Rohr, S., Riedel, D., Kluever, N., Raz, E., & Schartl, M. (2007). 
Specification of primordial germ cells in medaka (Oryzias latipes). 
BMC developmental biology, 7(1), 3.  
 
Herpin, A., Schindler, D., Kraiss, A., Hornung, U., Winkler, C., & Schartl, 
M. (2007). Inhibition of primordial germ cell proliferation by the 
medaka male determining gene Dmrt1bY. BMC developmental 
biology, 7(1), 99.  
 
Heule, C., Salzburger, W., & Böhne, A. (2014). Genetics of sexual 
development: an evolutionary playground for fish. Genetics, 196(3), 
579-591.  
 
Hong, Y., Liu, T., Zhao, H., Xu, H., Wang, W., Liu, R., . . . Gui, J. (2004). 
Establishment of a normal medakafish spermatogonial cell line 
capable of sperm production in vitro. Proceedings of the National 
Academy of Sciences of the United States of America, 101(21), 
8011-8016.  
 
  176 
Hong, Y., Winkler, C., & Schartl, M. (1996). Pluripotency and 
differentiation of embryonic stem cell lines from the medakafish 
(Oryzias latipes). Mechanisms of development, 60(1), 33-44.  
 
Hong, Y., Winkler, C., & Schartl, M. (1998). Production of medakafish 
chimeras from a stable embryonic stem cell line. Proceedings of the 
National Academy of Sciences, 95(7), 3679-3684.  
 
Horiguchi, R., Nozu, R., Hirai, T., Kobayashi, Y., Nagahama, Y., & 
Nakamura, M. (2013). Characterization of gonadal soma‐derived 
factor expression during sex change in the protogynous wrasse, 
Halichoeres trimaculatus. Developmental Dynamics, 242(4), 388-
399.  
 
Hornung, U., Herpin, A., & Schartl, M. (2006). Expression of the male 
determining gene dmrt1bY and its autosomal coorthologue dmrt1a 
in medaka. Sexual development: genetics, molecular biology, 
evolution, endocrinology, embryology, and pathology of sex 
determination and differentiation, 1(3), 197-206.  
 
Hornung, U., Herpin, A., & Schartl, M. (2007). Expression of the male 
determining gene dmrt1bY and its autosomal coorthologue dmrt1a 
in medaka. Sexual Development, 1(3), 197-206.  
 
Hoshino, A., Koide, M., Ono, T., & Yasugi, S. (2005). Sex‐specific and 
left‐right asymmetric expression pattern of Bmp7 in the gonad of 
normal and sex‐reversed chicken embryos. Development, growth 
& differentiation, 47(2), 65-74.  
 
Ishikawa, T., Kamei, Y., Otozai, S., Kim, J., Sato, A., Kuwahara, Y., . . . 
Tsujimura, T. (2010). High-resolution melting curve analysis for 
rapid detection of mutations in a Medaka TILLING library. BMC 
molecular biology, 11(1), 70.  
 
Iwamatsu, T. (2004). Stages of normal development in the medaka 
Oryzias latipes. Mechanisms of development, 121(7), 605-618.  
 
Jemc, J. C. (2011). Somatic gonadal cells: the supporting cast for the 
germline. genesis, 49(10), 753-775.  
 
Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., & 
Charpentier, E. (2012). A programmable dual-RNA–guided DNA 
endonuclease in adaptive bacterial immunity. Science, 337(6096), 
816-821.  
  177 
Kamiya, T., Kai, W., Tasumi, S., Oka, A., Matsunaga, T., Mizuno, N., . . . 
Hosoya, S. (2012). A trans-species missense SNP in Amhr2 is 
associated with sex determination in the tiger pufferfish, Takifugu 
rubripes (fugu). PLoS genetics, 8(7), e1002798.  
 
Katogi, R., Nakatani, Y., Shin-i, T., Kohara, Y., Inohaya, K., & Kudo, A. 
(2004). Large-scale analysis of the genes involved in fin 
regeneration and blastema formation in the medaka, Oryzias 
latipes. Mechanisms of development, 121(7), 861-872.  
 
Kikuchi, K., & Hamaguchi, S. (2013). Novel sex‐determining genes in fish 
and sex chromosome evolution. Developmental Dynamics, 242(4), 
339-353.  
 
Kim, H. J., Lee, H. J., Kim, H., Cho, S. W., & Kim, J.-S. (2009). Targeted 
genome editing in human cells with zinc finger nucleases 
constructed via modular assembly. Genome research, 19(7), 1279-
1288.  
 
Kinoshita, M., Murata, K., Naruse, K., & Tanaka, M. (2009). Medaka: 
Biology, Management, and Experimental Protocols: Wiley. 
 
Kitano, T., Hayashi, Y., Shiraishi, E., & Kamei, Y. (2012). Estrogen 
rescues masculinization of genetically female medaka by exposure 
to cortisol or high temperature. Molecular reproduction and 
development, 79(10), 719-726.  
 
Klüver, N., Pfennig, F., Pala, I., Storch, K., Schlieder, M., Froschauer, A., . 
. . Schartl, M. (2007). Differential expression of anti‐Müllerian 
hormone (amh) and anti‐Müllerian hormone receptor type II 
(amhrII) in the teleost medaka. Developmental Dynamics, 236(1), 
271-281.  
 
Kobayashi, T., Matsuda, M., Kajiura‐Kobayashi, H., Suzuki, A., Saito, N., 
Nakamoto, M., . . . Nagahama, Y. (2004). Two DM domain genes, 
DMY and DMRT1, involved in testicular differentiation and 
development in the medaka, Oryzias latipes. Developmental 
Dynamics, 231(3), 518-526.  
 
Komiya, T., Itoh, K., Ikenishi, K., & Furusawa, M. (1994). Isolation and 
characterization of a novel gene of the DEAD box protein family 
which is specifically expressed in germ cells of Xenopus laevis. 
Developmental biology, 162(2), 354-363.  
 
  178 
Komiya, T., & Tanigawa, Y. (1995). Cloning of a gene of the DEAD box 
protein family which is specifically expressed in germ cells in rats. 
Biochemical and biophysical research communications, 207(1), 
405-410.  
 
Kondo, M., Hornung, U., Nanda, I., Imai, S., Sasaki, T., Shimizu, A., . . . 
Shimizu, N. (2006). Genomic organization of the sex-determining 
and adjacent regions of the sex chromosomes of medaka. Genome 
research, 16(7), 815-826.  
 
Kondo, M., Nanda, I., Hornung, U., Schmid, M., & Schartl, M. (2004). 
Evolutionary origin of the medaka Y chromosome. Current Biology, 
14(18), 1664-1669.  
 
Koopman, P., Gubbay, J., Vivian, N., Goodfellow, P., & Lovell-Badge, R. 
(1991). Male development of chromosomally female mice 
transgenic for Sry. Nature, 351(6322), 117-121.  
 
Kozlowski, P., & Krzyzosiak, W. J. (2001). Combined SSCP/duplex 
analysis by capillary electrophoresis for more efficient mutation 
detection. Nucleic acids research, 29(14), e71-e71.  
 
Kurokawa, H., Aoki, Y., Nakamura, S., Ebe, Y., Kobayashi, D., & Tanaka, 
M. (2006). Time-lapse analysis reveals different modes of 
primordial germ cell migration in the medaka Oryzias latipes. 
Development, growth & differentiation, 48(3), 209-221. doi: 
10.1111/j.1440-169X.2006.00858.x 
 
Kurokawa, H., Saito, D., Nakamura, S., Katoh-Fukui, Y., Ohta, K., Baba, 
T., . . . Tanaka, M. (2007). Germ cells are essential for sexual 
dimorphism in the medaka gonad. Proceedings of the National 
Academy of Sciences, 104(43), 16958-16963.  
 
Lee, M. M., Donahoe, P. K., Hasegawa, T., Silverman, B., Crist, G. B., 
Best, S., . . . MacLaughlin, D. T. (1996). Mullerian inhibiting 
substance in humans: normal levels from infancy to adulthood. The 
Journal of Clinical Endocrinology & Metabolism, 81(2), 571-576.  
 
Li, M., Hong, N., Xu, H., Yi, M., Li, C., Gui, J., & Hong, Y. (2009). Medaka 
vasa is required for migration but not survival of primordial germ 
cells. Mechanisms of development, 126(5), 366-381.  
 
  179 
Li, M., Zhao, H., Wei, J., Zhang, J., & Hong, Y. (2015). Medaka vasa gene 
has an exonic enhancer for germline expression. Gene, 555(2), 
403-408. doi: http://dx.doi.org/10.1016/j.gene.2014.11.039 
 
Liew, W. C., Bartfai, R., Lim, Z., Sreenivasan, R., Siegfried, K. R., & 
Orban, L. (2012). Polygenic sex determination system in zebrafish. 
PLoS One, 7(4), e34397-e34397.  
 
Liu, L., Hong, N., Xu, H., Li, M., Yan, Y., Purwanti, Y., . . . Hong, Y. (2009). 
Medaka dead end encodes a cytoplasmic protein and identifies 
embryonic and adult germ cells. Gene Expression Patterns, 9(7), 
541-548. doi: http://dx.doi.org/10.1016/j.gep.2009.06.008 
 
Lovell-Badge, R., & Robertson, E. (1990). XY female mice resulting from a 
heritable mutation in the primary testis-determining gene, Tdy. 
Development, 109(3), 635-646.  
 
Luckenbach, J. A., Iliev, D. B., Goetz, F. W., & Swanson, P. (2008). 
Identification of differentially expressed ovarian genes during 
primary and early secondary oocyte growth in coho salmon, 
Oncorhynchus kisutch. Reproductive Biology and Endocrinology, 
6(1), 2.  
 
Luo, D., Liu, Y., Chen, J., Xia, X., Cao, M., Cheng, B., . . . Zhang, Y. 
(2015). Direct production of XYDMY− sex reversal female medaka 
(Oryzias latipes) by embryo microinjection of TALENs. Scientific 
reports, 5.  
 
Magliano, A. C. E. G. M., & Chaboissier, R. L. M. (2008). Genetics of 
ovarian differentiation: Rspo1, a major player. Sex Dev, 2, 219-227. 
  
Maier, D. A., Brennan, A. L., Jiang, S., Binder-Scholl, G. K., Lee, G., 
Plesa, G., . . . Wood, T. (2013). Efficient Clinical Scale Gene 
Modification via Zinc Finger Nuclease–Targeted Disruption of the 
HIV Co-receptor CCR5. Human gene therapy, 24(3), 245-258.  
 
Masuyama, H., Yamada, M., Kamei, Y., Fujiwara-Ishikawa, T., Todo, T., 
Nagahama, Y., & Matsuda, M. (2012). Dmrt1 mutation causes a 
male-to-female sex reversal after the sex determination by Dmy in 
the medaka. Chromosome research, 20(1), 163-176.  
 
Matson, C. K., Murphy, M. W., Sarver, A. L., Griswold, M. D., Bardwell, V. 
J., & Zarkower, D. (2011). DMRT1 prevents female reprogramming 
in the postnatal mammalian testis. Nature, 476(7358), 101-104.  
  180 
 
Matsuda, M. (2011). The Sex-Determining Gene in Medaka Medaka (pp. 
255-267): Springer. 
 
Matsuda, M., Nagahama, Y., Shinomiya, A., Sato, T., Matsuda, C., 
Kobayashi, T., . . . Shimizu, N. (2002). DMY is a Y-specific DM-
domain gene required for male development in the medaka fish. 
Nature, 417(6888), 559-563.  
 
Matsuda, M., Sato, T., Toyazaki, Y., Nagahama, Y., Hamaguchi, S., & 
Sakaizumi, M. (2003). Oryzias curvinotus has DMY, a gene that is 
required for male development in the medaka, O. latipes. Zoological 
science, 20(2), 159-161.  
 
Matsuda, M., Shinomiya, A., Kinoshita, M., Suzuki, A., Kobayashi, T., 
Paul-Prasanth, B., . . . Nagahama, Y. (2007). DMY gene induces 
male development in genetically female (XX) medaka fish. 
Proceedings of the National Academy of Sciences, 104(10), 3865-
3870.  
 
Meng, X., Noyes, M. B., Zhu, L. J., Lawson, N. D., & Wolfe, S. A. (2008). 
Targeted gene inactivation in zebrafish using engineered zinc-finger 
nucleases. Nature biotechnology, 26(6), 695-701.  
 
Mestriner, C. A., Galetti, P. M., Valentini, S. R., Ruiz, I. R., Abel, L. D., 
Moreira‐Filho, O., & Camacho, J. P. (2000). Structural and 
functional evidence that a B chromosome in the characid fish 
Astyanax scabripinnis is an isochromosome. Heredity, 85(1), 1-9. 
  
Miller, J. C., Tan, S., Qiao, G., Barlow, K. A., Wang, J., Xia, D. F., . . . 
Hinkley, S. J. (2011). A TALE nuclease architecture for efficient 
genome editing. Nature biotechnology, 29(2), 143-148.  
 
Miller, L. M., Plenefisch, J. D., Casson, L. P., & Meyer, B. J. (1988). xol-1: 
a gene that controls the male modes of both sex determination and 
X chromosome dosage compensation in C. elegans. Cell, 55(1), 
167-183.  
 
Morinaga, C., Saito, D., Nakamura, S., Sasaki, T., Asakawa, S., Shimizu, 
N., . . . Kondoh, H. (2007). The hotei mutation of medaka in the 
anti-Müllerian hormone receptor causes the dysregulation of germ 
cell and sexual development. Proceedings of the National Academy 
of Sciences, 104(23), 9691-9696.  
 
  181 
Moscou, M. J., & Bogdanove, A. J. (2009). A simple cipher governs DNA 
recognition by TAL effectors. Science, 326(5959), 1501. doi: 
10.1126/science.1178817 
 
Murphy, M. W., Zarkower, D., & Bardwell, V. J. (2007). Vertebrate DM 
domain proteins bind similar DNA sequences and can 
heterodimerize on DNA. BMC molecular biology, 8(1), 58.  
 
Myosho, T. (2012). Switching mechanism of the master sex-determining 
gene in medaka fishes.  
 
Myosho, T., Otake, H., Masuyama, H., Matsuda, M., Kuroki, Y., Fujiyama, 
A., . . . Sakaizumi, M. (2012). Tracing the emergence of a novel 
sex-determining gene in medaka, Oryzias luzonensis. Genetics, 
191(1), 163-170. doi: 10.1534/genetics.111.137497 
 
Nagahama, Y., Nakamura, M., Kitano, T., & Tokumoto, T. (2003). Sexual 
plasticity in fish: a possible target of endocrine disruptor action. 
Environmental sciences: an international journal of environmental 
physiology and toxicology, 11(1), 73-82.  
 
Nakamoto, M., Matsuda, M., Wang, D.-S., Nagahama, Y., & Shibata, N. 
(2006). Molecular cloning and analysis of gonadal expression of 
Foxl2 in the medaka, Oryzias latipes. Biochemical and biophysical 
research communications, 344(1), 353-361. doi: 
http://dx.doi.org/10.1016/j.bbrc.2006.03.137 
 
Nakamoto, M., Suzuki, A., Matsuda, M., Nagahama, Y., & Shibata, N. 
(2005). Testicular type Sox9 is not involved in sex determination but 
might be in the development of testicular structures in the medaka, 
Oryzias latipes. Biochemical and biophysical research 
communications, 333(3), 729-736.  
 
Nakamura, S., Kobayashi, D., Aoki, Y., Yokoi, H., Ebe, Y., Wittbrodt, J., & 
Tanaka, M. (2006). Identification and lineage tracing of two 
populations of somatic gonadal precursors in medaka embryos. 
Developmental biology, 295(2), 678-688. doi: 
http://dx.doi.org/10.1016/j.ydbio.2006.03.052 
 
Nakamura, S., Kobayashi, K., Nishimura, T., Higashijima, S.-i., & Tanaka, 
M. (2010). Identification of germline stem cells in the ovary of the 
teleost medaka. Science, 328(5985), 1561-1563.  
 
  182 
Nakamura, S., Kurokawa, H., Asakawa, S., Shimizu, N., & Tanaka, M. 
(2009). Two distinct types of theca cells in the medaka gonad: 
Germ cell‐dependent maintenance of cyp19a1‐expressing theca 
cells. Developmental Dynamics, 238(10), 2652-2657.  
 
Nanda, I., Hornung, U., Kondo, M., Schmid, M., & Schartl, M. (2003). 
Common spontaneous sex-reversed XX males of the medaka 
Oryzias latipes. Genetics, 163(1), 245-251.  
 
Nanda, I., Kondo, M., Hornung, U., Asakawa, S., Winkler, C., Shimizu, A., 
. . . Shima, A. (2002). A duplicated copy of DMRT1 in the sex-
determining region of the Y chromosome of the medaka, Oryzias 
latipes. Proceedings of the National Academy of Sciences, 99(18), 
11778-11783.  
 
Nanda, I., Schartl, M., Epplen, J. T., Feichtinger, W., & Schmid, M. (1993). 
Primitive sex chromosomes in poeciliid fishes harbor simple 
repetitive DNA sequences. Journal of Experimental Zoology, 
265(3), 301-308.  
 
Nataraj, A. J., Olivos‐Glander, I., Kusukawa, N., & Highsmith, W. E. 
(1999). Single ‐ strand conformation polymorphism and 
heteroduplex analysis for gel ‐ based mutation detection. 
Electrophoresis, 20(6), 1177-1185.  
 
Nelson, J. S. (2006). Fishes of the World: John Wiley & Sons. 
 
Nicol, B., Guerin, A., Fostier, A., & Guiguen, Y. (2012). Ovary‐
predominant wnt4 expression during gonadal differentiation is not 
conserved in the rainbow trout (Oncorhynchus mykiss). Molecular 
reproduction and development, 79(1), 51-63.  
 
Nishimura, T., Herpin, A., Kimura, T., Hara, I., Kawasaki, T., Nakamura, 
S., . . . Morishita, S. (2014). Analysis of a novel gene, Sdgc, reveals 
sex chromosome-dependent differences of medaka germ cells prior 
to gonad formation. Development, 141(17), 3363-3369.  
 
Nishimura, T., Sato, T., Yamamoto, Y., Watakabe, I., Ohkawa, Y., 
Suyama, M., . . . Tanaka, M. (2015). foxl3 is a germ cell-intrinsic 
factor involved in sperm-egg fate decision in medaka. Science, 
aaa2657.  
 
  183 
Olsen, L. C., Aasland, R., & Fjose, A. (1997). A vasa-like gene in zebrafish 
identifies putative primordial germ cells. Mechanisms of 
development, 66(1), 95-105.  
 
Ospina-Alvarez, N., & Piferrer, F. (2008). Temperature-dependent sex 
determination in fish revisited: prevalence, a single sex ratio 
response pattern, and possible effects of climate change. PLoS 
One, 3(7), e2837.  
 
Otto, S. P., & Lenormand, T. (2002). Resolving the paradox of sex and 
recombination. Nature Reviews Genetics, 3(4), 252-261.  
 
Ottolenghi, C., Pelosi, E., Tran, J., Colombino, M., Douglass, E., 
Nedorezov, T., . . . Schlessinger, D. (2007). Loss of Wnt4 and Foxl2 
leads to female-to-male sex reversal extending to germ cells. 
Human molecular genetics, 16(23), 2795-2804.  
 
Pannetier, M., Fabre, S., Batista, F., Kocer, A., Renault, L., Jolivet, G., . . . 
Pailhoux, E. (2006). FOXL2 activates P450 aromatase gene 
transcription: towards a better characterization of the early steps of 
mammalian ovarian development. Journal of Molecular 
Endocrinology, 36(3), 399-413. 
  
Ramirez, C. L., Certo, M. T., Mussolino, C., Goodwin, M. J., Cradick, T. J., 
McCaffrey, A. P., . . . Joung, J. K. (2012). Engineered zinc finger 
nickases induce homology-directed repair with reduced mutagenic 
effects. Nucleic acids research, 40(12), 5560-5568.  
 
Richardson, B. E., & Lehmann, R. (2010). Mechanisms guiding primordial 
germ cell migration: strategies from different organisms. Nature 
Reviews Molecular Cell Biology, 11(1), 37-49.  
 
Rondeau, E. B., Messmer, A. M., Sanderson, D. S., Jantzen, S. G., von 
Schalburg, K. R., Minkley, D. R., . . . Koop, B. F. (2013). Genomics 
of sablefish (Anoplopoma fimbria): expressed genes, mitochondrial 
phylogeny, linkage map and identification of a putative sex gene. 
BMC Genomics, 14, 452. doi: 10.1186/1471-2164-14-452 
 
Rongo, C., Broihier, H. T., Moore, L., Van Doren, M., Forbes, A., & 
Lehmann, R. (1997). Germ plasm assembly and germ cell 
migration in Drosophila. Paper presented at the Cold Spring Harbor 
symposia on quantitative biology. 
 
  184 
Rongo, C., & Lehmann, R. (1996). Regulated synthesis, transport and 
assembly of the Drosophila germ plasm. TRENDS in Genetics, 
12(3), 102-109.  
 
Ross, A., Munger, S., & Capel, B. (2007). Bmp7 regulates germ cell 
proliferation in mouse fetal gonads. Sexual Development, 1(2), 127-
137.  
 
Rubin, D. A. (1985). Effect of pH on sex ratio in cichlids and a poecilliid 
(Teleostei). Copeia, 233-235.  
 
Saga, Y. (2008). Mouse germ cell development during embryogenesis. 
Current opinion in genetics & development, 18(4), 337-341.  
 
Sambrook, J., Fritsch, E. F., & Maniatis, T. (1989). Molecular cloning (Vol. 
2): Cold spring harbor laboratory press New York. 
 
Sander, J. D., Cade, L., Khayter, C., Reyon, D., Peterson, R. T., Joung, J. 
K., & Yeh, J.-R. J. (2011). Targeted gene disruption in somatic 
zebrafish cells using engineered TALENs. Nature biotechnology, 
29(8), 697-698.  
 
Sato, T., Endo, T., Yamahira, K., Hamaguchi, S., & Sakaizumi, M. (2005). 
Induction of female-to-male sex reversal by high temperature 
treatment in medaka, Oryzias latipes. Zoological science, 22(9), 
985-988.  
 
Sato, T., Suzuki, A., Shibata, N., Sakaizumi, M., & Hamaguchi, S. (2008). 
The novel mutant scl of the medaka fish, Oryzias latipes, shows no 
secondary sex characters. Zoological science, 25(3), 299-306.  
 
Satoh, N., & Egami, N. (1972). Sex differentiation of germ cells in the 
teleost, Oryzias latipes, during normal embryonic development. 
Journal of embryology and experimental morphology, 28(2), 385-
395.  
 
Sawatari, E., Shikina, S., Takeuchi, T., & Yoshizaki, G. (2007). A novel 
transforming growth factor-β superfamily member expressed in 
gonadal somatic cells enhances primordial germ cell and 
spermatogonial proliferation in rainbow trout (Oncorhynchus 
mykiss). Developmental biology, 301(1), 266-275.  
 
Schartl, M. (2004a). A comparative view on sex determination in medaka. 
Mechanisms of development, 121(7), 639-645.  
  185 
 
Schartl, M. (2004b). Sex chromosome evolution in non-mammalian 
vertebrates. Current opinion in genetics & development, 14(6), 634-
641.  
 
Segal, D. J., Dreier, B., Beerli, R. R., & Barbas, C. F. (1999). Toward 
controlling gene expression at will: selection and design of zinc 
finger domains recognizing each of the 5′-GNN-3′ DNA target 
sequences. Proceedings of the National Academy of Sciences, 
96(6), 2758-2763.  
 
Sekido, R., & Lovell-Badge, R. (2008). Sex determination involves 
synergistic action of SRY and SF1 on a specific Sox9 enhancer. 
Nature, 453(7197), 930-934.  
 
Selim, K. M., Shinomiya, A., Otake, H., Hamaguchi, S., & Sakaizumi, M. 
(2009). Effects of high temperature on sex differentiation and germ 
cell population in medaka, Oryzias latipes. Aquaculture, 289(3), 
340-349.  
 
Ser, J. R., Roberts, R. B., & Kocher, T. D. (2010). Multiple interacting loci 
control sex determination in lake Malawi cichlid fish. Evolution, 
64(2), 486-501.  
 
Seydoux, G., & Strome, S. (1999). Launching the germline in 
Caenorhabditis elegans: regulation of gene expression in early 
germ cells. Development, 126(15), 3275-3283.  
 
Shibata, Y., Paul-Prasanth, B., Suzuki, A., Usami, T., Nakamoto, M., 
Matsuda, M., & Nagahama, Y. (2010). Expression of gonadal soma 
derived factor (GSDF) is spatially and temporally correlated with 
early testicular differentiation in medaka. Gene Expression 
Patterns, 10(6), 283-289.  
 
Shinomiya, A., Otake, H., Togashi, K.-i., Hamaguchi, S., & Sakaizumi, M. 
(2004). Field survey of sex-reversals in the medaka, Oryzias 
latipes: genotypic sexing of wild populations. Zoological science, 
21(6), 613-619.  
 
Shinomiya, A., Tanaka, M., Kobayashi, T., Nagahama, Y., & Hamaguchi, 
S. (2000). The vasa‐like gene, olvas, identifies the migration path 
of primordial germ cells during embryonic body formation stage in 
the medaka, Oryzias latipes. Development, growth & differentiation, 
42(4), 317-326.  
  186 
 
Shiraishi, E., Yoshinaga, N., Miura, T., Yokoi, H., Wakamatsu, Y., Abe, S.-
I., & Kitano, T. (2008). Mullerian inhibiting substance is required for 
germ cell proliferation during early gonadal differentiation in 
medaka (Oryzias latipes). Endocrinology, 149(4), 1813-1819.  
 
Shirak, A., Seroussi, E., Cnaani, A., Howe, A. E., Domokhovsky, R., 
Zilberman, N., . . . Ron, M. (2006). Amh and Dmrta2 genes map to 
tilapia (Oreochromis spp.) linkage group 23 within quantitative trait 
locus regions for sex determination. Genetics, 174(3), 1573-1581.  
 
Shivdasani, A. A., & Ingham, P. W. (2003). Regulation of Stem Cell 
Maintenance and Transit Amplifying Cell Proliferation by TGF-β 
Signaling in Drosophila Spermatogenesis. Current Biology, 13(23), 
2065-2072. doi: http://dx.doi.org/10.1016/j.cub.2003.10.063 
 
Sinclair, A., Berta, P., Palmer, M., Hawkins, J., Griffiths, B., & Palmer, M. 
(1990). A gene from the human sex-determining region encodes a 
protein with. Nature, 346(6281), 240-244.  
 
Smith, C. A., Roeszler, K. N., Ohnesorg, T., Cummins, D. M., Farlie, P. G., 
Doran, T. J., & Sinclair, A. H. (2009). The avian Z-linked gene 
DMRT1 is required for male sex determination in the chicken. 
Nature, 461(7261), 267-271.  
 
Suzuki, A., Taki, Y., Takeda, M., & Akatsu, S. (1988). Multiple sex 
chromosomes in a monodactylid fish. Ichthyological Research, 
35(1), 98-101.  
 
Suzuki, A., Tanaka, M., & Shibata, N. (2004). Expression of aromatase 
mRNA and effects of aromatase inhibitor during ovarian 
development in the medaka, Oryzias latipes. Journal of 
Experimental Zoology Part A: Comparative Experimental Biology, 
301(3), 266-273.  
 
Takasu, Y., Kobayashi, I., Beumer, K., Uchino, K., Sezutsu, H., Sajwan, 
S., . . . Zurovec, M. (2010). Targeted mutagenesis in the silkworm 
Bombyx mori using zinc finger nuclease mRNA injection. Insect 
biochemistry and molecular biology, 40(10), 759-765.  
 
Takehana, Y., Matsuda, M., Myosho, T., Suster, M. L., Kawakami, K., 
Shin, T., . . . Fujiyama, A. (2014). Co-option of Sox3 as the male-
determining factor on the Y chromosome in the fish Oryzias 
dancena. Nature communications, 5.  
  187 
 
Takehana, Y., Naruse, K., Hamaguchi, S., & Sakaizumi, M. (2007). 
Evolution of ZZ/ZW and XX/XY sex-determination systems in the 
closely related medaka species, Oryzias hubbsi and O. dancena. 
Chromosoma, 116(5), 463-470.  
 
Takehana, Y., Naruse, K., & Sakaizumi, M. (2005). Molecular phylogeny of 
the medaka fishes genus Oryzias (Beloniformes: Adrianichthyidae) 
based on nuclear and mitochondrial DNA sequences. Molecular 
Phylogenetics and Evolution, 36(2), 417-428. doi: 
http://dx.doi.org/10.1016/j.ympev.2005.01.016 
 
Tanaka, M., Saito, D., Morinaga, C., & Kurokawa, H. (2008). Cross talk 
between germ cells and gonadal somatic cells is critical for sex 
differentiation of the gonads in the teleost fish, medaka (Oryzias 
latipes). Development, growth & differentiation, 50(4), 273-278.  
 
Tomizuka, K., Horikoshi, K., Kitada, R., Sugawara, Y., Iba, Y., Kojima, A., . 
. . Inoue, A. (2008). R-spondin1 plays an essential role in ovarian 
development through positively regulating Wnt-4 signaling. Human 
molecular genetics, 17(9), 1278-1291.  
 
Tong, C., Li, P., Wu, N. L., Yan, Y., & Ying, Q.-L. (2010). Production of 
p53 gene knockout rats by homologous recombination in embryonic 
stem cells. Nature, 467(7312), 211-213.  
 
Tsuda, M., Sasaoka, Y., Kiso, M., Abe, K., Haraguchi, S., Kobayashi, S., & 
Saga, Y. (2003). Conserved role of nanos proteins in germ cell 
development. Science, 301(5637), 1239-1241.  
 
Uhlenhaut, N. H., Jakob, S., Anlag, K., Eisenberger, T., Sekido, R., Kress, 
J., . . . Holter, N. I. (2009). Somatic sex reprogramming of adult 
ovaries to testes by FOXL2 ablation. Cell, 139(6), 1130-1142.  
 
Vitt, U. A., Hsu, S. Y., & Hsueh, A. J. (2001). Evolution and classification 
of cystine knot-containing hormones and related extracellular 
signaling molecules. Molecular Endocrinology, 15(5), 681-694.  
 
Volff, J., Nanda, I., Schmid, M., & Schartl, M. (2007). Governing sex 
determination in fish: regulatory putsches and ephemeral dictators. 
Sexual Development, 1(2), 85-99.  
 
  188 
Volff, J.-N., Kondo, M., & Schartl, M. (2003). Medaka dmY/dmrt1Y is not 
the universal primary sex-determining gene in fish. TRENDS in 
Genetics, 19(4), 196-199.  
 
Wang, T., & Hong, Y. (2014). Direct gene disruption by TALENs in 
medaka embryos. Gene, 543(1), 28-33.  
 
Watanabe, T., Asaka, S., Kitagawa, D., Saito, K., Kurashige, R., Sasado, 
T., . . . Henrich, T. (2004). Mutations affecting liver development 
and function in Medaka, Oryzias latipes, screened by multiple 
criteria. Mechanisms of development, 121(7), 791-802.  
 
Weidinger, G., Stebler, J., Slanchev, K., Dumstrei, K., Wise, C., Lovell-
Badge, R., . . . Raz, E. (2003). Dead end, a novel vertebrate germ 
plasm component, is required for zebrafish primordial germ cell 
migration and survival. Current Biology, 13(16), 1429-1434.  
 
Wiedenheft, B., Sternberg, S. H., & Doudna, J. A. (2012). RNA-guided 
genetic silencing systems in bacteria and archaea. Nature, 
482(7385), 331-338. doi: 10.1038/nature10886 
 
Wilkins, A. S. (1995). Moving up the hierarchy: a hypothesis on the 
evolution of a genetic sex determination pathway. Bioessays, 17(1), 
71-77. doi: 10.1002/bies.950170113 
 
Wittbrodt, J., Shima, A., & Schartl, M. (2002). Medaka—a model organism 
from the far East. Nature Reviews Genetics, 3(1), 53-64.  
 
Wittwer, C. T., Reed, G. H., Gundry, C. N., Vandersteen, J. G., & Pryor, R. 
J. (2003). High-resolution genotyping by amplicon melting analysis 
using LCGreen. Clinical chemistry, 49(6), 853-860.  
 
Xu, H., Gui, J., & Hong, Y. (2005). Differential expression of vasa RNA and 
protein during spermatogenesis and oogenesis in the gibel carp 
(Carassius auratus gibelio), a bisexually and gynogenetically 
reproducing vertebrate. Developmental Dynamics, 233(3), 872-882.  
 
Xu, H., Li, M., Gui, J., & Hong, Y. (2007). Cloning and expression of 
medaka dazl during embryogenesis and gametogenesis. Gene 
Expression Patterns, 7(3), 332-338.  
 
Xu, H., Li, Z., Li, M., Wang, L., & Hong, Y. (2009). <italic>Boule</italic> Is 
Present in Fish and Bisexually Expressed in Adult and Embryonic 
  189 
Germ Cells of Medaka. PLoS One, 4(6), e6097. doi: 
10.1371/journal.pone.0006097 
 
Xu, X., Wagner, K.-U., Larson, D., Weaver, Z., Li, C., Ried, T., . . . Deng, 
C.-X. (1999). Conditional mutation of Brca1 in mammary epithelial 
cells results in blunted ductal morphogenesis and tumour formation. 
Nature genetics, 22(1), 37-43.  
 
Yamamoto, T. (1975). Medaka (killifish): biology and strains (Vol. 2): 
Yugaku-sha. 
 
Yamamoto, T.-O. (1955). Progeny of artificially induced sex-reversals of 
male genotype (XY) in the medaka (Oryzias latipes) with special 
reference to YY-male. Genetics, 40(3), 406.  
 
Yamamoto, T.-o. (1962). Harmonic factors affecting gonadal sex 
differentiation in fish. General and comparative endocrinology, 1, 
341-345.  
 
Yamamoto, T.-O. (1968). Effects of 17α-hydroxyprogesterone and 
androstenedione upon sex differentiation in the medaka, Oryzias 
latipes. General and comparative endocrinology, 10(1), 8-13. 
  
Yamamoto, T. O. (1953). Artificially induced sex‐reversal in genotypic 
males of the medaka (Oryzias latipes). Journal of Experimental 
Zoology, 123(3), 571-594.  
 
Yamamoto, T. O. (1958). Artificial induction of functional sex‐reversal in 
genotypic females of the medaka (Oryzias latipes). Journal of 
Experimental Zoology, 137(2), 227-263.  
 
Yan, C., Wang, P., DeMayo, J., DeMayo, F. J., Elvin, J. A., Carino, C., . . . 
Dube, J. L. (2001). Synergistic roles of bone morphogenetic protein 
15 and growth differentiation factor 9 in ovarian function. Molecular 
Endocrinology, 15(6), 854-866.  
 
Yan, Y., Hong, N., Chen, T., Li, M., Wang, T., Guan, G., . . . Li, C.-M. 
(2013). p53 gene targeting by homologous recombination in fish ES 
cells. PLoS One, 8(3), e59400.  
 
Yano, A., Guyomard, R., Nicol, B., Jouanno, E., Quillet, E., Klopp, C., . . . 
Guiguen, Y. (2012). An immune-related gene evolved into the 
master sex-determining gene in rainbow trout, Oncorhynchus 
mykiss. Current Biology, 22(15), 1423-1428.  
  190 
 
Yao, H. H., Matzuk, M. M., Jorgez, C. J., Menke, D. B., Page, D. C., 
Swain, A., & Capel, B. (2004). Follistatin operates downstream of 
Wnt4 in mammalian ovary organogenesis. Developmental 
Dynamics, 230(2), 210-215.  
 
Yi, M., Hong, N., & Hong, Y. (2009). Generation of medaka fish haploid 
embryonic stem cells. Science, 326(5951), 430-433.  
 
Yi, M., Hong, N., & Hong, Y. (2010). Derivation and characterization of 
haploid embryonic stem cell cultures in medaka fish. Nature 
protocols, 5(8), 1418-1430.  
 
Yokoi, H., Kobayashi, T., Tanaka, M., Nagahama, Y., Wakamatsu, Y., 
Takeda, H., . . . Ozato, K. (2002). Sox9 in a teleost fish, medaka 
(Oryzias latipes): evidence for diversified function of Sox9 in gonad 
differentiation. Molecular reproduction and development, 63(1), 5-
16.  
 
Yoshimoto, S., Okada, E., Umemoto, H., Tamura, K., Uno, Y., Nishida-
Umehara, C., . . . Ito, M. (2008). A W-linked DM-domain gene, DM-
W, participates in primary ovary development in Xenopus laevis. 
Proceedings of the National Academy of Sciences, 105(7), 2469-
2474. 
  
Youngren, K. K., Coveney, D., Peng, X., Bhattacharya, C., Schmidt, L. S., 
Nickerson, M. L., . . . Capel, B. (2005). The Ter mutation in the 
dead end gene causes germ cell loss and testicular germ cell 
tumours. Nature, 435(7040), 360-364.  
 
Yuan, Y., Li, M., & Hong, Y. (2014). Light and electron microscopic 
analyses of Vasa expression in adult germ cells of the fish medaka. 
Gene, 545(1), 15-22. doi: 
http://dx.doi.org/10.1016/j.gene.2014.05.017 
 
Zhang, X., Guan, G., Chen, J., Naruse, K., & Hong, Y. (2014). Parameters 
and efficiency of direct gene disruption by zinc finger nucleases in 
medaka embryos. Marine biotechnology, 16(2), 125-134.  
 
Zhang, Z., & Hu, J. (2007). Development and validation of endogenous 
reference genes for expression profiling of medaka (Oryzias latipes) 
exposed to endocrine disrupting chemicals by quantitative real-time 
RT-PCR. Toxicological Sciences, 95(2), 356-368.  
 
  191 
 
Zhendong, L. (2009). Nanog in the twin fish models medaka and 
zebrafish: Functional divergence or pleiotropy of vertebrate 








  193 
Appendix 
Appendix 1. Japanese medaka stage map (Iwamatsu et al., 2004).  
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Appendix 2. List of primers 
Primer  Sequence 
Genotyping 
Genotyping 
forward (gsdf) TCGCCACTCCTTTCTCCTCC  
Genotyping 

























Gsdfsite1F  ACTGGTTACGAAACAATTAATGAT  
Gsdfsite1R  GGAATAGCAGCTCAAATGCTCAG  
Gsdfsite2F  GGTTCATATTTGTCATATATGT  
Gsdfsite2R  CTATGCTGTCATCTTATTGAGATG  
ActinFw  GAGACCTTCAACAGCCCTGC  
ActinRv CGCTCCGTCAGGATCTTCATG  
BSF-Fw  CATTGCAGTTAAGTCCAAGCAAGC  
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CMV Bam HI (930) 
XhoI (2241) 
Hin dIII (912) 
HindIII (1530) sdfc rr !
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